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For the two lowest exciton bands of benzene, calculations have been carried out for the band widths 
and for the energies of the levels to which dipole transitions from the ground state are allowed. Expressions 
have been derived for the intensities of crystal transitions corresponding to both allowed and forbidden 
molecular transitions and have been applied to the case of the benzene crystal. Comparison is made with 
available experimental data and additional experiments are suggested so that further comparison may be 
made. From the band widths, evidence is obtained that the lowest excited state of the benzene molecule 
belongs to the B2, representation of the molecular group, Den. 





I. INTRODUCTION 


N recent years the investigation of the spectra of 

molecular crystals has become of interest as an aid 
in the assignment of symmetries of the excited electronic 
states of the constituent molecules. The excited states 
of these crystals are also of interest from the point of 
view of solid-state theory. 

The nonconducting states of molecular crystals have 
been described in terms of exciton states, i.e., nonlocal- 
ied excitation waves.! Davydov? has applied this 
description to crystals of aromatic molecules in order 
to explain sharp structure in the low-temperature 
spectra of these crystals. He showed that selection rules 
arising from considerations of crystal symmetry allow 
only a small number of transitions to levels in the crystal 
band, equal to or less than the number of molecules in 
the unit cell. Winston® developed a group theoretical 
approach to the same problem and found a simple 
method for determining the number of allowed crystal 
transitions and their polarizations. 

_ The electronic spectrum of solid benzene is of special 
Interest because of the large amount of work which 
has been done on the molecular spectrum. The first 
transition in solid benzene was first observed by 


*J. Frenkel, Phys. Rev. 37, 17, 1276 (1931); R. Peierls, Ann. 
Physik 13, 905 (1932). 
(i048) Davydov, J. Exptl. Theoret. Phys. (U.S.S.R.) 18, 210 
*H. Winston, J. Chem. Phys. 19, 156 (1951). 


Kronenberger,* and more recently by Broude, Med- 
vedev, and Prikhot’ko® who used single crystals and 
polarized light. Davydov,° using the results of his earlier 
work, applied group theoretical methods to find the 
number and polarizations of the allowed components of 
the 0—0 transition ; comparing his predictions with the 
observations of Broude e al., he concluded that the 
lowest excited molecular state belongs to the irreducible 
representation B:, of the molecular symmetry group 
Den. In his treatment he made an approximation with 
respect to the crystal structure which is not justified in 
the light of the most recent x-ray determination.’ 
Winston’ applied his method to benzene and his results 
are not in agreement with those of Davydov. 

In this paper we shall calculate the energies of the 
benzene crystal states to which dipole transitions from 
the ground state are allowed. The bands corresponding 
to the B,, and B», molecular states will be considered 
and the exciton band widths for each will be calculated. 
A preliminary report of these results has been pub- 
lished.7* Expressions will be derived for the intensities 
of crystal transitions corresponding to both allowed and 


4A. Kronenberger, Z. Physik 63, 497 (1930). 
5 Broude, Medvedev, and Prikhot’ko, J. Exptl. Theoret. Phys. 
(U.S.S.R.) 21, 665 (1951). 
( oan) S. Davydov, J. Exptl. Theoret. Phys. (U.S.S.R.) 21, 673 
1951). 
7E. G. Cox and J. A. S. Smith, Nature 173, 75 (1954); E. G. 
Cox (private communication). 
78 1). Fox and O. Schnepp, Phys. Rev. 96, 1196 (1954). 
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forbidden molecular transitions and will be applied to 
the case of the benzene crystal. We shall discuss the 
revisions that are required in Davydov’s work? * by 
the latest crystallographic determination,’ as well as by 
the refinements discussed by Winston. 

Because of the smallness of the perturbation on the 
molecule by the crystal field, each crystal exciton band 
is readily correlated with a molecular state. The elec- 
tronic states of the benzene molecule have been studied 
by many investigators, both theoretically and experi- 
mentally. Theoretical calculations by the molecular 
orbital method were carried out using the wave func- 
tions of Mayer and Sklar.*-? These calculations predict 
that the lowest excited states belong, in order of increas- 
ing energies, to the representations By,, By,, and Ej, 
of the symmetry group Dg,. Theoretical investigations 
by the valence-bond method, with considerable refine- 
ments, lead to the same results.® At the present time, 
such calculations cannot be considered as conclusive, 
and much emphasis must be placed on experimental 
results in the identification of excited electronic states 
of molecules. 

The absorption spectrum of the benzene molecule in 
the ultraviolet begins at about 2600 A with a weak 
system with a maximum absorption coefficient of 200. 
A second band system occurs at about 2200A with 
absorption coefficient about 30 times as large as that of 
the first system. At 1700 A, a very intense absorption 
has been observed," which has an f-number close to 
one.” Platt gives the f-numbers of the other two transi- 
tions as 0.002 and 0.1 respectively. Sponer, Nordheim, 
Sklar, and Teller’ have carried out a vibrational anal- 
ysis of the first two absorption systems and have 
arrived at the conclusion that they represent forbidden 
transitions made allowed by vibrational perturbation 
which allows the mixing in of the allowed and intense 
transition at 1700 A. They conclude that the lowest 
state belongs to Bz, and the second lowest state to Bi.. 
It must be remembered, however, that the vibrational 
analysis can in no way differentiate between these two 
symmetries and therefore this experimental evidence 
cannot determine the symmetries of these states un- 
ambiguously. Recently, Albrecht and Simpson” have 
presented indirect experimental evidence to show that 
the lowest excited state does indeed belong to Boy. 
One of the aims of the present investigation was to 
help clarify this question of assignment of the excited 
electronic states of the benzene molecule. 


(1938) Goeppert-Mayer and A. L. Sklar, J. Chem. Phys. 6, 645 
8). 
® Parr, Craig, and Ross, J. Chem. Phys. 18, 1561 (1950). 
ase Nordheim, Sklar, and Teller, J. Chem. Phys. 7, 207 
1 W. C. Price and R. W. Wood, J. Chem. Phys. 3, 439 (1935). 
2 J. R. Platt and H. B. Klevens, Chem. Revs. 41, 301 (1948); 
J. R. Platt, J. Chem. Phys. 17, 484 (1949). 
(1983) C. Albrecht and W. T. Simpson, J. Chem. Phys. 21, 940 
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II. ENERGIES OF BAND LEVELS 
A. General Theory 


The derivation of the expression for the energies of 
the band levels was carried out by Davydov’; however, 
he did not use the sufficiently general form of the exciton 
wave function in his development. We shall therefore 
outline his derivation, but, in setting up the wave 
functions, we shall be guided by the discussion of 
Winston.’ 

The Schroedinger equation of the electrons of the 
crystal may be written as 


( Hit+D Vi—E)’=(H—E)b=0, (1) 


k<l 


where H is the crystal Hamiltonian, H; is the Hamil- 
tonian of the kth molecule, V;; is the interaction energy 
between the Ath and /th molecules, and E is the energy 
of the state &. If @ is antisymmetrized, as required by 
the Pauli principle, then Vy: is to be interpreted as 
involving those electrons which, in a given permutation, 
find themselves on molecules k and /. 

We shall treat the sum of molecular interactions as a 
perturbation. The zero-order wave functions will thus 
be eigenfunctions of the sum of molecular Hamiltonians. 
As zero-order ground state, we may take 


$o=[T Yo" (2) 


where yo’ is the ground-state molecular wave function 

of molecule s (the index s designating both the unit 

cell and the molecular site within that cell), and the 

product is taken over all molecules of the crystal. 
The function 


v=yi" IL wo? (3) 


8#~(np) 


is a zero-order solution representing a localized excita- 
tion, where y;"* is the wave function of the molecule 
at the uth site of the th unit cell, excited to the jth 
molecular state. If there are N unit cells in the crystal 
and ¢ molecular sites per unit cell, there are ¢N de- 
generate states of the form (3), corresponding to all 
possible values of m and yu. The zero-order wave func- 
tions must be appropriate linear combinations of these 
degenerate states. 

The order of the secular equations may be partially 
reduced by group theoretical means. The solutions 
must belong to the irreducible representations of the 
crystal symmetry group. We construct the functions 


N 
(jKe= 1/\/N Pp» efK-myy ne (4) 


n=1 


where n is the position of the center of the mth unit cell. 
The function (4) belongs to the irreducible K-represe- 
tation of the translation group of the crystal and repre 
sents an excitation wave over all uth site molecules; 
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LOWER EXCITED ELECTRONIC STATES, 


we shall call such functions “‘one-site excitons.’’ The 
problem of finding the appropriate linear combinations 
of the degenerate states has been reduced to finding 
the combinations of one-site excitons with fixed j and K: 


t 
$jKo= >> Byu%iK* g=1, 2, cory (S) 


u=1 


The one-site excitons are orthonormal; if the exciton 
wave functions (5) are also to be orthonormal, B,’ 
must form a unitary matrix. These coefficients are 
functions of 7 and of K. 

If the molecular function y; is one of a degenerate 
set, there will be additional localized excitations which 
are degenerate with (3), constructed from molecular 
states which are degenerate with y;. In that case, we 
must also sum the right side of Eq. (5) over all 7 con- 
tained in the set of degenerate molecular functions, 
with an index 7 added to the coefficients. Unless other- 
wise noted, it will be assumed that the molecular state 
is nondegenerate. 

Winston’ has pointed out that for the most general K, 
symmetry conditions will give no further aid in de- 
termining the coefficients in Eq. (5), or in the more 
general equation discussed in the preceding paragraph. 
Except for particular values of K, no operation of the 
space group can transform a one-site exciton into 
another on a different site without changing K. On the 
other hand, two one-site excitons with the same K 
have, in general, the same transformation properties, 
so that any linear combination of two such functions 
will also have the same transformation properties. 
Therefore, we cannot use the symmetry properties to 
complete the solution of the secular equations. However, 
for special values of K, the vector may be transformed 
into itself under an operation which transforms one 
molecular site into another; for example, K may lie on 
an axis of rotational symmetry. In such cases, the pre- 
ceding arguments break down, and linear combinations 
of one-site excitons with the same K may belong to 
reduced representations. In a subsequent paragraph we 
shall discuss the reduction of the representation in the 
case K=0. 

In constructing his exciton functions, Davydov?:* did 
not take all of the aforementioned considerations into 
account. As a result, his functions are not correct in 
the general case. However, they are correct for the 
special case, K=0, to which he eventually restricts his 
discussion.* 

The functions (5) must be antisymmetrized with 
respect to all the electrons. This leads to the addition 
of energy terms containing overlap or electron exchange 


err 

*In the case of benzene, later work by one of us showed that 
Davydov’s functions (reference 2 but not reference 6) are correct 
for all K in the approximation of near-neighbor interaction used 
in obtaining Eq. (11). In a later paper on the complete band struc- 
ture it will be shown that the validity of these functions arises 
Tom a special symmetry of the near-neighbors. 
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integrals; since these terms were found to be small, we 
shall not write the antisymmetrization explicitly. 

From first-order perturbation theory,. the excitation 
energy of the state (5) was found to be: 


E-E\= ¢j— @+D+M, (6) 


where E and Ep are the energies of the states (5) and 
(2), respectively, €; and €9 are the energies of the jth 
excited state and of the ground state of the molecule, 
respectively, and 


D=EE |Borl* { Clvsmvor*l?— vary 
Kl uur @G) 
M=> d B,**B,°? exp[iK- (m—n) | 


x f (Yio) *V nv, mubo'i™dr. (8) 


E, D, and M are characteristic of the state (5), but for 
simplicity the indices 7, K, and g are omitted. D and M 
represent interaction terms between the molecules of an 
arbitrary unit cell, 2, and all the other molecules of the 
crystal. If all the molecular sites have the same en- 
vironment, the summation over v and the factor 
| B,*|? may be omitted from Eq. (7); the index » then 
designates an arbitrarily chosen molecule of cell . 

The term D is independent of K and therefore does 
not remove the degeneracy of the localized excited 
states. On the other hand, M is dependent on K and 
therefore splits the degenerate level into a band. Each 
matrix element contained in M is an excitation exchange 
integral ; that is, the excitation is exchanged between the 
pair of interacting molecules. The terms of D will be 
called band-shift terms; those of M, band-splitting 
terms. 

In many molecules the lower excited states may, to a 
good approximation, be described in terms of excita- 
tions of a limited number of electrons only. In the 
benzene molecule, for example, these electrons are the 
carbon 27 electrons. It may be shown in the case of 
crystals made up of such molecules that the molecular 
wave functions in Eqs. (7) and (8) may be replaced by 
appropriate 2pm wave functions, with the exception of 
the factors of |yo"|? in (7), which must always be 
interpreted as the square of the ground-state wave 
function of all the electrons and nuclei of molecule mu. 
With this exception, terms involving electron inter- 
actions in which at least one of the electrons is not in a 
2pm state vanish, either through subtraction of equal 
terms or because of the orthogonality or near-ortho- 
gonality of molecular states. 

We shall be interested in the position of optically 
active levels within the band, i.e., levels to which dipole 
transitions are allowed from the crystal ground state. 
The dipole matrix element for the transition between 








states (5) and (2) is 


(R)oo= f ayeer(5 > Inv) Pod, (9) 


n=1 »=1 


where the summation is over all molecules of the crystal 
and rp, is the sum of dipole moment operators of all 
electrons in molecule my. Davydov? has shown that 
transitions are forbidden to all but a small number of 
levels in the crystal band, for the following reason: both 
@) and the sum of dipole moments belong to the totally 
symmetric representation of the translation group, so 
that @;K* must also belong to this representation in 
order for the matrix element not to vanish; that is, K 
must equal zero. In addition, the integrand must be- 
long to the totally symmetric representation of the 
factor group; this requirement may restrict the allowed 
values of the index g. Winston has developed a group 
theoretical method for predicting the number and 
polarizations of optically active states in the crystal 
band (as given by these two selection rules) directly 
from character tables. He showed that those one-site 
excitons, (4), of a given band which belong to the com- 
pletely symmetric representation of the translation 
group (K=0) form a basis for a reducible representation 
of the factor group; the character, %/-?-(S), of this re- 
ducible representation may be found from Eq. (3) of 
reference 3: 


%I-9-(S) =D Su(S)xqu*?*(S) (10) 


where xq,°°9"(S) is the character of the gth representa- 
tion of the site group of the wth molecular site (the 
representation to which the molecular wave function 
vy; belongs) and 6, is 1 if the operation S of the factor 
group is also contained in the uth site group, and is 0 
otherwise. The functions (4), with K=0, form the basis 
of the reducible representation; after reduction, the 
basis functions of the irreducible representations will be 
of the form (5), with the reduction determining the 
values of the coefficients B,’. 


B. Application to the Benzene Crystal 


The crystal structure of benzene has been investi- 
gated by Cox" and by Cox and Smith.’ The structure is 
orthorhombic bipyramidal and belongs to the space 
group Pica (Den!®, Vn!®) with four molecules per unit 
cell. The dimensions of the unit cell are: a=7.460 A, 
b= 9.666 A, c= 7.034 A. 

The coordinate axes u, v, w will be taken in the crystal 
directions c, 6, a, respectively. The four molecules in a 
unit cell will be designated as »=I, II, III, IV; the co- 
ordinates of their centers are I: (0,0,0) ; II: (¢/2,0,a/2) ; 
III: (c/2,b/2,0); IV: (0,6/2,a/2). The equation of the 
plane of a molecule of type I is 


0.6671u+0.2229v+-0.7109w=0. 


4 E. G. Cox, Proc. Roy. Soc. (London) A135, 491 (1932). 
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The coordinates in A units of the atoms in a molecule 
of type I, referred to its center of symmetry, are 


u v w 
Ci —0.04073 1.33043 — 0.38098 
C2 0.86399 0.46445 — 0.95421 
C3 0.90577 — 0.86569 — 0.58069 


1. Investigation of the Band Structure 


The structures of the bands corresponding to the B,, 
and B2, molecular states will now be investigated. The 
labor involved in calculating the band-splitting term, 
M, becomes excessive if one attempts to attain better 
than about 10 percent accuracy. For this reason, all 
contributions which were expected to be less than 10 
percent of the largest terms were omitted: 

(a) An estimated upper limit of the electron exchange 
terms omitted from M was very much smaller than 
10 percent of M. 

(b) The perturbation energy was expanded in a series 
of multipole-multipole interaction terms, and only the 
lowest-order nonvanishing terms were retained. Since 
the molecules are invariant to inversion, the molecular 
states are either g or u, so that only even or only odd 
molecular multipole matrix elements between a given 
pair of states will be nonvanishing. Therefore, the 
largest neglected terms will be two orders of the expan- 
sion parameter smaller than those retained. If this 
parameter is taken to be the radius of the 2pm molecular 
orbital (1.4 A) divided by the nearest-neighbor dis- 
tance (5.1 A), its square is 7 percent. 

(c) The interaction terms were calculated only for 
pairs of interacting molecules in the same or adjacent 
cells. The convergence with distance between molecules 
was about as expected. Terms smaller than 6 percent of 
the largest terms were dropped. 

(d) As will be shown, the lowest nonvanishing band- 
splitting terms are octupole-octupole. In the benzene 
crystal, a dipole-dipole interaction in second-order 


perturbation may be as large as a quadrupole-quad- — 


rupole interaction in first order. It was therefore 
necessary to examine higher-order perturbation terms. 
It was found that there could be appreciable contribu- 
tions to the band-shift terms, but that the additions to 
the band splitting should be at least an order of mag- 
nitude smaller than the value found in first-order 
perturbation. 

By successively applying various symmetry opefa- 
tions to the exciton exchange integrands on the right 
side of Eq. (8), one can determine which of these in- 
tegrals are equal to one another. In this way, Eq. (8) 
can be rewritten as 


M=2Re{ F(K.a)( Br* Bu °F (Kc) 
+Bur*Bry°F*(K .c) ]} M1 u+2Re{ F (Kc) 
< [Br*Bir’F (K ob) + Bry Br F* (K 9b) }} Mi 
4 2Re{ F(K xb) Br Brv°F (Kaa) 
+ Bu Byr’F* (Ka) |} M1 rv (11) 
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LOWER EXCITED ELECTRONIC STATES, 


where M,, is the excitation exchange integral between 
a molecule of type u and its nearest neighbor of type 7; 
interactions between more distant molecules are neg- 
lected. Ka, Kv, K., are the components of K along the 
crystal axes and 

F(x) =1+exp(—iz). 


When the multipole-multipole expansion is carried 
out, M,, becomes a sum of terms, each of the form 


[ure pccdverrdre, [vara (ad smdr nn (12) 


where r; and r;, are the coordinates of electron i on 
molecule mv and of electron k on molecule my respec- 
tively, with the origin of each molecular coordinate 
system at the center of the molecule; /*(r;) and g‘(r;) 
are homogeneous polynomials of degree s and ¢ in the 
components of their respective arguments. 

The lowest value of s or ¢ which gives nonvanishing 
matrix elements was determined group theoretically, 
with the aid of the character table of the point group, 
Den, of the benzene molecule. State Yo” belongs to the 
representation A, while y;"“ belongs to representation 
By, (for 7=1) or to By, (for 7=2). The group theo- 
retical notation used is that of Eyring, Walter, and 
Kimball.!® For either value of 7, the product of wave 
functions in the integrand of each matrix element is odd 
to inversion ; therefore, the value of s or ¢ must also be 
odd. The dipole matrix elements vanish (forbidden 
transitions). We therefore examine the octupole terms. 
An investigation of the transformation properties of the 
third-degree terms leads to the conclusion that only the 
functions 2, xy, xy’, and y* belong to a representation 
containing the irreducible representations B,, and Boy. 
(Here, the x- and y-axes lie in the molecular plane, with 
the y-axis passing through C atoms.) Reduction leads 
to the result: (a’—3xy*) belongs to Bou, (y’—3xy) be- 
longs to By,, and (a+ xy") and («y+ y*) belong to Ey. 
We define (g*);; as the matrix element of g‘ between the 
ith and jth molecular states. The requirement that 
(g‘)o. must vanish unless g‘ contains B,, leads to the 
conclusion that 


(23) = (xy")o1=0; 
Similarly, 


(x*y)o1= = (y?)o1. 


(x3) o2= — (ary") 92. 


All other third-degree matrix elements vanish. There- 
fore, for each of the states 1 and 2, there is only one 
independent octopole transition matrix element to the 
ground state; the other elements are either propor- 
tional to it or are zero. The lowest order terms of form 
(12) (octupole-octupole) may therefore each be written 
aS a constant, dependent only on the intermolecular 
distances, times | (y*)o:|2 in the case of the B,, state, 
_ 


Eyring, Walter, and Kimball, Quantum Chemistry (John 
Wiley and Sons, Inc., New York, 1949), pp. 281, 386, 387, 


(xy) 02= (y’) o2=0; 
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or a constant times | (x*)o2|* in the case of the Bo, state. 
Then the members of Eq. (11) are equal to the square of 
the appropriate molecular matrix element times a 
function of K and B,*. The matrix element squared 
thus enters as a scale factor, so that the relative band 
structure can be determined from K and B,? alone. It 
was shown that for the optically active levels K=0, 
while the B,° can be obtained group theoretically, so 
that the relative spacings between observed levels can 
be calculated from crystal data alone, without knowl- 
edge of the molecular wave functions. 

To evaluate the scale factors, the molecular benzene 
wave functions of Mayer and Sklar® were used. The 
remaining factors in the energy expression were calcu- 
lated from the crystal data of Cox and Smith.’ The 
results were: 


By: Myn=—10Y¥ cm; My m1=30Y cm’; 


V=|(y®)o,|2=2.2 A®%. (13) 


Baa: My, l= —33X om? My, Iv= 20X cm; 
X=| (2)o2|2=0.14 A®% (14) 


The omitted M,,’s were too small to be considered. 
The energies are given in wave numbers. 

In benzene, the site group for each site is C;, which 
contains the identity operation and inversion. The 
factor group is De,. Using Eq. (10) it is found, as 
Winston? reported, that the irreducible representations 
Au, Biu, Bou, and B3, of the factor group D2, are each 
contained once; the last three are optically active, with 
polarizations a, b, and c, respectively. 

The basis functions (5) are found in this case to have 
the following values of K and B,’: 


1 1 1 1 
2 2 2 2 
a oe 
» On ee 5 wht” 
f 2 2 2 
1 a ee 
2 2 2 2 
with g=a, B, vy, 6 (15) 
pu=lI, II, II, IV. 


That is, the states are: 


@ Pea} (¢ M4 ¢ M4 ¢ oI ¢ TV) 
P= 1(¢ 1 FO ¢ OI & STV) 
BPV=H(GT— FP gy gpV) 
HP =1 (fF M4 & OI ¢ III ¢ TV) 


In determining the symmetry properties of these func- 
tions under the operations of the factor group, Dea, it 
should be remembered that the functions are affected 
by the operations in two ways: first, each molecular 
term is subjected to a suitable operation of the molecu- 
lar symmetry group, and second, molecules of the unit 
cell are interchanged by the operations. The effects of 
the necessary factor group operations are summarized 
in Table I. The correspondence between columns 1 and 
2 of the table is dependent on the choice of relative 
directions of positive axes of different molecules. By 


(16) 
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TaBLeE I. Correspondence between symmetry operations on the 
benzene crystal and operations on the constituent molecules. 








Corresponding 


Factor group molecular point Interchange of molecules 





operation group operation in the unit cell 
C2 Co? IelIV, II<olil 
C2 Cw III, IV 
i i no interchange 








applying the information of Table I, the irreducible 
representations of D2; to which the functions (16) be- 
long were determined. The results are listed in the 
second columns of Tables II and III for exciton func- 
tions constructed from molecular states of symmetry 
B,, and Bo,, respectively. It is seen that the results 
agree with those of Winston. The third columns of 
these tables give the polarizations of the allowed 
crystal transitions from the totally symmetric ground 
state. The energies of the states (16), measured from 
€;— €0+ D [see Eq. (6) ], are listed in the fourth columns. 
These energies are found from Eq. (11) by inserting 
the numerical values given in Eqs. (13), (14), and (15). 

Comparison of the calculated separations with an 
observed value’ of 25 cm™ in the lowest band proves 
that the lowest molecular level belongs to B2,. The 
calculated separations for the B,,, case are of a different 
order of magnitude. 

We shall use Eq. (11) to determine the band width 
without explicitly calculating the energies of levels with 
K0. The maximum absolute value of each coefficient 
of the M7, in Eq. (11) (subject to the restriction that 
B,* is a unitary matrix) occurs when the parameters 
have the values given in Eq. (15). Since the M7, and 
their coefficients are real, a sufficient condition that one 
of the K=0 states lies at the top (bottom) of the band 
is that My, has the same (opposite) sign as its coeffi- 
cient in (11) for that state. If, for each band, only two 
of the M7, are large enough to be taken into considera- 
tion as is indicated in Eqs. (13) and (14), it is always 
possible to satisfy the maximum condition with one of 
the states (16), and the minimum condition with an- 
other. Therefore, within the accuracy of the calculation, 
the band width is equal to the energy difference between 
the lowest and highest states with K=0. 


2. Band Shift 


In investigating the band-shift term, D, [Eq. (7) ], 
the interaction energy was expanded in a multipole- 
multipole series. From the symmetry properties of the 
wave functions it may be shown that the lowest non- 
vanishing terms of the integral are quadrupole-quad- 
rupole. One of the quadrupole matrix elements, 
(2?—2*)o0, does not lend itself to calculation, since it 
involves all the electrons and nuclei of the molecule; 
small changes in the bond wave functions lead to_large 


changes in the value of this matrix element and may 
even change its sign. In addition, it can be shown that 
there are contributions in second-order perturbation 
theory of the same order of magnitude as the terms 
considered here. 


3. Limiting Case for Simplified Crystal Structure 


Davydov' based his discussion of the benzene crystal 
on the early work of Cox. On the basis of those data, 
Davydov apparently made the approximation that the 
four molecules in the unit cell can be divided into two 
pairs of parallel molecules. From the more recent data’ 
used in the present paper, it may be seen that this 
approximation is not justified. However, in order to 
facilitate the comparison of the results obtained here 
with those of Davydov, the limiting case will be briefly 
considered in which the molecular planes are parallel 
to the b-axis in the benzene crystal. The unit cell then 
contains only two molecules. The factor group is still 
D2. The method of Winston will be used to determine 
the allowed crystal transitions. The site group includes 
the operations E, C2”, o°, 7. In the case of the molecular 
B,, state the corresponding character of the irreducible 
site group representation is: 1, 1, —1, —1, whereas in 
the case of the molecular By», state it is: 1, —1, 1, —1. 
Using these results in Winston’s Eq. (3) Lour Eq. (10) ] 
and reducing the resulting factor group representation, 
one obtains in the first case the irreducible representa- 
tions A;, (inactive), Bo, (b-polarized). In the second 
case one obtains the representations B,, (a-polarized) 
and B;, (c-polarized). 

These results are identical with Davydov’s final 
conclusions but his procedure is misleading. He takes 
the nearly parallel molecules as equivalent in perform- 
ing the symmetry operations. This requires the applica- 
tion of a different space group in which only two of the 
original four wave functions belong to completely sym- 
metric representations of the translation group. Never- 
theless he continues to use the space group Pica, 
treating all four functions as translationally invariant. 
In this manner he obtains two functions belonging to 
each of the above one-dimensional irreducible repre- 
sentations of the factor group and concludes without 
further explanation that there will be only one observ- 
able transition for each of the polarizations as given in 
the preceding paragraph. 


TABLE ITI. Symmetries and energies of translationally invariant 
states in the B,, band, and polarizations and intensities of the 
transitions from the ground state to these levels. 











Wave Repr. Polariz. M 

f'n in De, of trans. (cm™) Intensity ratio X10 
$°* Bou b +180 | +4.3A —1.4L1|?=| +0.090 —2.9|?= 8 
$8 Bay c —180 .| —0.9A +2.0L1|2 =| —0.02Q +4.1|*=1/ 
#° Ai, forbidden +360 0 


o> Bis a —360 | —0.5A +2.6L:|2 =| —0.010 +5.4|?=29 
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II. INTENSITIES 
A. General Theory 


To calculate the matrix element for a transition from 
the ground state to a crystal excited state, one of the 
excited-state functions (5) with K=0 and the ground- 
state function (2) are substituted in Eq. (9). Expressing 
the function (5) in terms of molecular wave functions 
and summing over the N unit cells, we obtain 


(R) j09;0=VN s By? (t4) 0; (17) 


yu=1 


where (r,) jo is the molecular transition dipole moment, 
between states y; and Yo, of a molecule at site u of any 
cell. It is thus found that for exciton states the transi- 
tion moment of the crystal transition is obtained from a 
vector addition of the molecular moments (r,) jo. 

Equation (17) is useful only if the molecular transi- 
tion is allowed.f For forbidden molecular transitions, 
(R) jog:0 vanishes because of the vanishing of the 
molecular moment. If such a transition is made al- 
lowed by the crystal field, Eq. (5) must be corrected to 
first-order of perturbation theory before it is substituted 
in Eq. (9). The perturbed crystal function (#,%)’ may 
be written to first order as: 


(BP =O" TD Ci", (18) 


where a sum over h is not required since for each / there 
will be only one value of / for which ®,°" and &,°" belong 
to the same representation. That they must belong to 
the same representation follows from the fact that the 
perturbation coefficient 


C= (E)/9— EP") Pr , ® V x. %dr (19) 


i<k 


will vanish otherwise, since the interaction energy 
belongs to the completely symmetric representation of 
the crystal group. Cj; is dependent on g, but the addi- 
tional index has been omitted for simplicity. The transi- 
tion matrix element is now written 


(R) ¢j00:0= 2 Cjx(R) 101; 0. (20) 


To evaluate the perturbation coefficient, Cj, one 
follows a parallel procedure to that used in calculating 
the transition energy. The crystal functions (5) are 
Substituted in (19) and the integral is reduced to the 
sums of matrix elements of the interaction between 


LS 


t If the exciton states are built from perturbed molecular wave 
functions, as is done in reference 3, rather than from functions of 
the free molecule, then Eq. (17) may also be applied to crystal 
transitions forbidden in the molecule. The final results would be 
the same as those developed here. 
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TABLE III. Symmetries and energies of translationally invariant 
states in the Bz, band, and polarizations and intensities of the 
transitions from the ground state to these levels. 











Wave Repr. Polariz. M 

f'n inDe, of trans. (cm~) Intensity ratio X10 
ba Buu c —7 | —1.9B —0.5L2|2=| —1.90 —0.3 |? 
98 Boy b 429 | —0.2B+42.9L2|2=| —0.2041.5|2 
9% = Bry a —29 


| +1.8B —1.9L2|? =| +1.80 —1.0|2 
#95 Ai forbidden +7 0 








pairs of molecules. For K=0, 


C= (Efo— Ef") Zade B,""B,° 


n,V Bb 


x fimo) Wann nadsmadr 


45 B,*B,o f VoL” )*V ng aabs™porrdr. (21) 
m 


If every site has the same environment, as is the case in 
benzene, the summation over yw and the factor of 
B,"*B,? may be omitted from the first, term. 

For light polarized in the allowed direction, the 
integrated absorption strength of a crystal transition is 


f edv=(1N)"1(8u%e’v/ch)|(R)jo,.0|2 (22) 


while that of a molecular transition, for any direction 
of polarization, is'® 


f dy®= (8utev/3ch)| (1);0|2G°. (23) 


Here v and p® are the frequencies of the crystal and 
molecular transitions, respectively, and G® is the de- 
generacy of the molecular level. The factor of $, which 
appears only in the molecular case, arises from the 
averaging of orientations of gas molecules; it would also 
appear in the crystal case if we were dealing with a 
polycrystal containing randomly oriented crystallites. 
The factor of 1/tN appears only in the crystal case, for 
the following reason: In the molecular case, every 
molecule is able to absorb the radiation, if oriented 
properly; in the crystal, only one state in (¢V) may 
absorb radiation of a given polarization. However, the 
ratio of the square of the matrix element appearing in 
(22) to that in (23) is of the order of tN, as may be seen 
from Eq. (17) so that, in general, the intensities will 
be of the same order of magnitude in the two cases. 
For a transition forbidden in the molecule Eq. (22) 
becomes 


f cds! = (NY*(Sa2 fel) |Z Ca(R) x01 (24) 


16 R. S. Mulliken, J. Chem. Phys. 7, 14 (1939). . 











774 


B. Application to Benzene 


We shall now apply the results of the preceding sec- 
tion to the benzene crystal states derived from the 
molecular states belonging to B,, and B2,. Since the 
molecular transitions from the ground state are for- 
bidden, we must carry out calculations as indicated in 
Eq. (24); i.e., we must evaluate the perturbation coeffi- 
cients (21) and the transition matrix elements (17) for 
the perturbing states. It will be assumed that the only 
perturbing states are those constructed from the doubly 
degenerate molecular state belonging to the representa- 
tion F;, of the free molecule. This assumption seems 
justified by the facts that this level is the lowest opti- 
cally active state and that its transition from the ground 
state is by far the most intense. Since the molecular 
coordinates « and y are also partners belonging to this 
representation, we may, for convenience, choose Wz 
and y,, having the symmetries of « and y, respectively, 
as the degenerate molecular states from which to build 
the perturbing crystal states. The perturbing potential 
is invariant to all space group operations; therefore the 
perturbed and the perturbing states must belong to the 
same representation of the space group. With K=0 
we can build one exciton state with the required factor 
group symmetry from each of the above chosen molecu- 
lar states. Strictly speaking, we should diagonalize the 
portion of the energy matrix corresponding to these two 
exciton states, according to the discussion on degenerate 
molecular states following Eq. (5). If this is not done, 
the error in the perturbation calculation is of the order 
of the ratio of the energy difference between the two 
perturbing excitons to the energy difference between 
perturbed and perturbing states. It is not likely that 
this ratio can. be observed experimentally, since it 
would require a crystal of 0.014 thickness at most for 
direct observation of the splitting of the Fj, level. 
We shall assume that the ratio is small compared to 1, 
so that the diagonalization need not be performed. 

From the manner in which y, and y, were chosen, it 
may be seen that the dipole transition moment from 
the molecular ground state to the former has only an 
x-component; to the latter, only a y-component ; that is 


(r)20=1(«) 20; (1)yo=J(y)yo, with | (x)20| =| (y)yol, (25) 


where i, j, and k are the unit vectors in the x, y, and z 
directions, respectively. We have chosen the molecular 
axes in such a way that for every molecular site, i has a 
positive “-component, j has a positive v-component, 
and k has a positive w-component. On substituting 
(25) and the appropriate values of the B,°’s in Eq. (17), 
we obtain the transition moments 


(R) 20a;0= (4)*(x)20d11u (R)yoa;0= (4V)*(y) yod22v 

(R) 20¢;0= (4.V)*(x)20d12v  (R)y08,0= (41)? (y) yooam (26 
(R) 207;0= (4.V)*(x)z0d13w (R),0y;0=0 

(R)z03;0 =0 (R) 05,0 = (4.V)#(y) yoa2sw 
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where a;; is the transformation from the crystal coordi- 
nate system u, v, w to the coordinates x, y, z of molecule 
I, and u, v, and w are the unit vectors in the crystal 
system. 

We now substitute the values (26) in Eq. (24). Since 
in our approximation we limit ourselves to two terms of 
the summation over /, we obtain 


f e'dy' = (8ne*v’/ch) | C j2d1p+C jy2p|*| (x) 20|? (27) 


where the values of p=1, 2, 3, correspond to the polar- 
izations of absorbed light along the crystal axes c, b, a 
respectively. The index 7 takes on the values 1 or 2 
corresponding to B,, or Bz, respectively. 

The coefficients Cj, and C;, are calculated from Eq. 
(21). The interaction potential energy is developed in a 
multipole-multipole expansion and only the lowest- 
order nonvanishing terms are calculated. These are 
quadrupole-quadrupole for the first term of (21), with 
the matrix elements taken between ground-state func- 
tions and again between perturbed and perturbing 
states. The second term of (21) is dipole-octupole, with 
the dipole matrix element taken between the ground 
and the perturbing states while the octupole moment is 
between ground and perturbed states. The products of 
molecular matrix elements which appear are 


A = (x*)1y(2—27) 00=0.020 A* 
B= (y*)o2(22—22)o0= 1.030 A* 
L1= (9°)10(%)o2= 2.07 A4 
Lo= (%*) 20(%)o2=0.53 At 


(28) 


where (= (z?— x”) 99. Numerical values were obtained by 
using the Mayer and Sklar wave functions.* The value 
of Q was not calculated for the reason given in Sec. IIB2. 
In these calculations, the same approximations were 
made as in the calculations of the band energies. In 
addition, it was assumed that the energies of all per- 
turbing crystal states constructed from the molecular 
E;, states are the same. 

The results of the intensity calculation are given in 
the last columns of Tables IT and III as the ratios of the 
absorption strengths of the perturbed crystal states to 
the absorption strengths of the molecular Ej, states; 
ie., as the ratio of (27) to (23), using (25): 


fea / fear (3'/2v) |C j2d1p +C jydop|?. (29) 


Experimentally,** the ratio (29) is of the order of 10° 
or less for the Bs, case. It may be seen from Table II 
that Q may not be larger than of the order of 1 in order 
to obtain agreement with experiment. For the Bi, case, 
the terms involving Q may be neglected ; all the intensity 
ratios listed in Table II are of the order of 10~*. 
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IV. DISCUSSION 
A. Energies 


It had been hoped that the identification of the Bi, 
and B>, bands could be made from the relative positions 
of transitions of different polarizations. Unfortunately, 
this is not possible, as may be seen from Tables II and 
III; for each band, the predicted order of increasing 
energy is: polarizations a, b, c. Furthermore, the ratios 
of energy differences (from a to c/from ¢ to 6) are nearly 
equal in the two bands. 

The band widths, however, seem to offer a more 
decisive criterion. As was stated earlier, two optically 
active levels have been observed in the lowest exciton 
band, with a separation of 25 cm~!. Comparison with 
Tables II and III leads to the assignment of B2, sym- 
metry to the lowest excited molecular state. This 
assignment is not dependent on the specific choice of 
the Mayer and Sklar wave functions, but rather on the 
assumption that the charge of the 27 electrons is 
concentrated near the carbon atoms of the benzene ring 
instead of near the bond centers. The band width and 
level separations are about 10 times as large in the Bi, 
case as are the corresponding quantities in the Bz», case. 
This large factor arises from the large ratio of octupole 
matrix elements [see Eqs. (13) and (14) ]. If one as- 
sumes a charge concentration near the C atoms, then 
for any B;, wave function, the leading term in the octu- 
pole matrix element (y*)o: is the cube of the radius of 
the benzene ring, which leads to separations comparable 
with those in Table II; for any Bz, wave function, the 
corresponding leading term in the matrix element (2*)o2 
vanishes, and the main contributions come from atomic 
overlap integrals, leading to much smaller level separa- 
tions. In order to make the Bi, separations comparable 
with the experimental value, one would have to assume 
molecular wave functions with 27 electrons concen- 
trated near the centers of the C—C bonds. These results 
follow from the fact that a B, function has nodal planes 
perpendicular to the molecular plane and bisecting 
opposite C—C bonds, while the corresponding Bo, 
nodal planes pass through opposite C atoms. 

It must be remembered that, in carrying out the 
calculations, terms an order of magnitude smaller than 
the largest ones were neglected. It is to be expected that 
the total error will not change the results by as much 
as a factor of two. An unfortunate accumulation of 
errors arising from these neglected terms, however, 
could affect the results to this extent. We may conclude 
then that the orders of magnitude of the band widths 
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and level separations are correct and that the sequences 
of the levels in energy are probably correct. 


B. Intensities 


It has been shown that comparison with intensity 
observations on the Be, band leads to a value of Q of 
the order of one or less. A rough theoretical calculation 
showed that this is a reasonable range of values for Q. 
If we accept this range, the terms involving Q for the 
By, case (Table II) may be neglected, and intensity 
ratios of the order of 10~* are obtained. 

The same considerations with regard to accuracy 
apply to the intensity formulas as to the expressions for 
the bond energies. The intensity ratios in Tables II and 
III should therefore be correct as to order of magnitude 
and are probably more accurate than that. 

Broude, Medvedev, and Prikhot’ko® claimed to have 
identified the crystal directions from the relative in- 
tensities of the observed crystal absorptions of light 
polarized in these directions. Their arguments are 
implicitly based on the assumption that equations simi- 
lar to (26) are valid, so that with known values of the 
ai, it is possible to identify the crystal directions from 
observed relative intensities of the 0—0O band com- 
ponents. For forbidden transitions, however, the calcu- 
lation is more complex since Eq. (20) must be used. 
In this case, more is required than knowledge of crystal 
data to calculate relative intensities. Their observation 
of two active levels of different polarization in the 
lower band would have identified the ac plane (but not 
the axes within that plane) only in the limiting case of 
two molecules per unit cell. In this case, only the Bo, 
band contains two active levels; their polarizations 
are a and c. 

In an experiment in which the crystal axes have been 
determined independently, more observations can be 
made than are necessary to calculate the parameters in 
the intensity and energy formulas. A self consistent set 
of results would be strong evidence for the validity of 
our approximations and at the same time would lend 
support to the assumption of the existence of exciton 
states in the benzene crystal. 
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Cross sections for charge transfer reactions between ions and neutral atoms and molecules have been 
measured in the energy range from 50 to 850 ev. Charge transfer cross sections for symmetrical reactions 
in monatomic and diatomic gases increase with increasing viscosity cross sections. The charge transfer 
cross sections decrease with increasing incident ion energy in conformity with the adiabatic criterion. 
For reactions in diatomic gases the charge transfer cross sections decrease as the changes in internuclear 


distance for the processes increase. 





INTRODUCTION 


HE importance of charge transfer processes has 
resulted in the accumulation of a large amount 
of data giving charge transfer cross sections for many 
reactions.' There is still need for further investigation 
because of the absence of data on some reactions and 
because of discrepancies among the data on others.” In 
the present paper the measurement of charge transfer 
cross sections using a simple apparatus is described. 
The results for a number of reactions are discussed with 
an emphasis on the influence of molecular parameters 
on the results obtained. Several workers have indicated 
the importance of the Franck-Condon principle in 
collisions involving charge transfer reactions,*~* and at 
least a qualitative agreement with this principle is 
found for reactions taking place in diatomic gases. 


APPARATUS 


With the exception of the ion source, accelerator, 
and collimator unit which consists of a modified radio 
frequency mass spectrometer,® the apparatus used in 
these measurements is similar to that reported by 
Keene.’ The mass spectrometer is modified by sub- 
stituting a collision chamber for the original ion col- 
lector, providing a means of varying the ion beam 
energy, and improving the collimation of the beam. By 
installing a collimating tube 2 cm long and 7 mm in 
diameter, the diameter of the ion beam is decreased 
from 2cm to 7mm. Attempts to further improve the 
collimation result in reduction of the beam current 


* Presented in part at the Washington, D. C. meeting of the 
American Physical Society, April 29-May 1, 1954. 

t Part of this research was supported under Contract AF19- 
(122)-40 by the Geophysics Research Directorate, Air Force 
Cambridge Research Center, Air Research and Development 
Command. 

1H. S. W. Massey and E. H. S. Burhop, Electronic and Ionic 
Impact Phenomena (Oxford University Press, New York, 1952), 
498 ff. 

2 See reference 1, pp. 519, 524. 

( 3 I) Meyerott, Phys. Rev. 70, 671 (1946); Phys. Rev. 71, 553 
1947). 

4J. A. Hornbeck, J. Phys. Chem. 56, 829 (1952). 

5 E. E. Muschlitz Jr., and J. H. Simons, J. Phys. Chem. 56, 
837 (1952). 

6 W. H. Bennett, J. Appl. Phys. 21, 143 (1950). 

7J. P. Keene, Phil. Mag. 40, 369 (1949). 


below a useful value and increase the energy spread of 
the beam. The ion beam can be accelerated to energies 
between 25 and 850 ev by applying a variable potential 
to a grid attached to the collimating tube. The collision 
chamber, shown in Fig. 1, consists of a system of semi- 
cylindrical brass elements. The ion beam passes through 
the collision chamber and is collected at the Faraday 
chamber FG. A transverse electric field is maintained 
between F and G to collect secondary electrons and ions 
formed in the region between the plates. Ions formed by 
charge transfer in the distance L are accelerated in the 
transverse field between plates C and G. Plate A isa 
guard ring which serves to maintain a uniform field 
over the distance L. 

Measurements of charge transfer cross sections are 
made by comparing the charges collected on C and F 
by means of a balanced electrometer. Voltages devel- 
oped by these charges leaking to ground through cali- 
brated grid resistors are balanced by varying the value 
of the resistor in the Faraday chamber circuit. The 
resistor in the charge transfer circuit is a fixed 960 
(+1 percent) megohm unit. The balance condition is 
indicated on a galvanometer connected between the 
cathodes of the electrometer tubes. This charge collec- 
tion system does not have the advantage of cancelling 
out the effects of ionization as does that of Hasted.’ 
An earlier design, similar to Hasted’s, was found to 
yield cross sections for the inert gases of the same 
values as those reported here but was less stable in 
operation than the present one. The fact that none of 
the reactions differs noticeably from the normal energy 
dependence suggests that ionization introduces negli- 
gible error in the range studied. For measurements at 
higher energies, however, use of the other arrangement 
would be advisable. 

The collision chamber, battery box, and electrometer 
amplifier are electrostatically shielded. Shielded leads 
with the inner and outer conductors at the same 
potentials carry the small currents (10-% to 10-” 
amperes) from plates C and F. The guard ring A is at 
the same potential as C and terminates on the shield 
as shown in Fig. 1. The batteries are insulated from 


8 J. B. Hasted, Proc. Roy. Soc. (London) A205, 421 (1951). 
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ground, and all leads are brought out through glass or 
polystyrene insulators. 

To determine the proper operating point, a plot is 
made of the charge transfer current versus the potential 
applied between C and G. The saturation region of this 
curve is used. In the energy range studied, it was found 
that 30 volts provided the desired condition for all 
the ions considered. This same potential difference is 
maintained across the Faraday chamber. 

All measurements are made at about 20°C and a 
pressure of the order 10-*mm Hg. The fact that the 
observed cross sections are invariant to large changes 
in operating pressure and ion beam density suggests 
that pure charge transfer reactions are being observed. 
The ultimate vacuum attainable is about 5X10~7 mm 
Hg. With the exceptions of CO (96 percent pure), 
Cl, (99.5 percent pure), NO (98 percent pure), and Hg 
(triple distilled mercury), all the gases used are spectro- 
scopically pure. The limit of accuracy of the apparatus is 
about +10 percent. Because some uncertainty exists in 
the balancing process, the apparatus is calibrated in 
such a way that the value of Q obtained for the reac- 
tion A+4+A—A+A?* at 450 ev is the same as that ob- 
tained by Hasted.*® 

RESULTS 

If a uniform ion beam passes through a region of 
length dx which contains neutral atoms or molecules, 
the current strength of the ion beam is diminished, due 
to charge transfer, by an amount 


dI,= —NQU dx 


where V is the number of neutral atoms or molecules 
per cubic centimeter, and Q, is the effective cross 
section per atom for the process. If the collision region 
is of length L, and the charge transfer current is I,, 
the current reaching the Faraday chamber is 


I;= (Ty +T)eN O14, 


By equating the voltage drops across the grid resistors 
at the balance condition, it is seen that to a good 


a4 Hae POLYSTYRENE 
| 


| 
q }}+-— BATTERY 60x 
+ 


Sy 





































POSITION OF BEAM 


Fic. 1. Collision chamber. 


CHARGE TRANSFER REACTIONS IN GASES 


180 





160} 
140} 
120} 
100} 


80+ __HASTED (A) 






ROSTAGNI (Ne) 
a a Ne 

ASTED (H 
( 7 He 


40+ 


a 


his 
5 tie ana 


20+ 











1 1 4 i 1 1 i i 1 
0 100 200 300 400 500 600 700 800 900 
1ON ENERGY (eV) 
Fic. 2. Total charge transfer cross sections for symmetrical 


reactions involving the inert gases. In each ‘case the reaction is 
of the type Xt+X—X+X?". 


approximation 
Qi= (kT/cpL) - (R/(960+R)). 


R is the variable resistance in the Faraday chamber 
circuit in megohms, # is the pressure in mm Hg, c is the 
conversion factor between absolute pressure units and 
mm Hg, & is Boltzmann’s constant, and T is the 
absolute temperature. 

The total cross section, Q, is equal to Q; multiplied by 
the value of NV at 1 mm Hg and 20°C. 


Q= (1/pL)- (R/(960+-R)). 


The units of p having been divided out in the multiplica- 
tion of Q; by N, Q appears in units of cm™. 


SYMMETRICAL REACTIONS IN MONATOMIC GASES 


Symmetrical charge transfer cross sections for the 
inert gases are shown in Fig. 2. Previously reported 
values for He, A (Hasted*), and Ne (Rostagni’) are 
shown for comparison. The cross sections for the He 
reaction are in closer agreement with the values of 
Hasted and others” rather than the higher values 
obtained by extrapolating the results of Keene’ and 
Meyer." Using the impact parameter method, Jackson” 
has recently made a theoretical calculation of the cross 
section for the helium reaction. His results are in 
general agreement with those of Hasted. Potter’s" 
recent experimental results also support these lower 

* A. Rostagni, Nuovo cimento 12, 134 (1935). 

10 See reference 1, p. 519. 

1H. Meyer, Ann. Physik 30, 635 (1937). 


2 J. D. Jackson, Can. J. Phys. 32, 60 (1954). 
3 R. F. Potter, J. Chem. Phys. 22, 974 (1954). 
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reactions involving diatomic gases. In each case the reaction is 
of the type X2*+X2>X24+- Xo". 


values for helium although his values for argon are 
somewhat lower than Hasted’s. 

It is found that a quadratic relationship exists be- 
tween the measured values of Q and the atomic diam- 
eters computed from viscosity measurements." In the 
energy range studied, the total cross sections for the 
inert gases follow approximately the empirical relation- 
ship given in Eq. (1). 


Q=F(D,V) = (6D+12) (1—0.44 logio(V/150)), 
50<V<850. (1) 


D is the atomic diameter in angstrom units (A), and 
V is the energy of the incident ions in electron volts. 
For this group of gases the charge transfer cross sec- 
tions vary linearly with the viscosity cross sections 
(xD*), the effective values per atom varying from ap- 
proximate equality with the viscosity cross sections at 
50 ev to about half those values at 850 ev. 

The decrease in Q with energy is in agreement with 
the theoretical considerations which utilize the approach 
to adiabatic conditions as a criterion for the magnitude 
of 9.15 A maximum value of Q is expected somewhere 
near an incident ion velocity v= aAE/h, where a is the 
interaction distance, AE is the difference between the 
ionization potentials of the interacting particles, and 
h is Planck’s constant. When the velocity deviates 
much from this value, the cross section is small. For the 
symmetrical cases (AE=0) the maximum value of Q 


TABLE I. Charge transfer cross sections for the reactions 
Hgt+Hg—Hg+Hgt and Cht+Cl.-Ch+Cle*. 








Ion energy (ev) 50 150 250 350 450 550 650 750 850 
Q(cm™") (Hg) 105 94 89 90 84 80 76 
Q(em™)(Ckh) 95 80 73 70 65 59 S55 S54 52 








4S, Chapman and T. G. Cowling, The Mathematical Theory of 
Non-Uniform Gases (Cambridge University Press, London, 1952), 
229. 
15 See reference 1, p. 513. 
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should appear at zero energy. This criterion, although 
being of considerable interest and value, does not 
prescribe the magnitude of Q, the exact energy de- 
pendence, or the influence of molecular parameters on 
the value of Q. 

Cross sections for the symmetrical charge transfer 
reaction in Hg, which are listed in Table I, deviate by 
about 25 percent from the values of Q computed from 
Eq. (1). These values are less reliable than the others 
because the error in pressure measurement is higher 
for mercury vapor than for the other gases used. No 
other data is available at present due to the experi- 
mental difficulties associated with the study of sym- 
metrical monatomic reactions for cases other than those 
presented here. 


SYMMETRICAL REACTIONS IN DIATOMIC GASES 


Symmetrical charge transfer cross sections for a 
number of diatomic gases are shown in Fig. 3. A com- 
parison is made with the results of Wolf'® and Potter." 
The cross sections for chlorine, which fall between 


TABLE II. Observed values of Q for diatomic reactions and 
the values computed from Eq. (2). In each case the reaction is 
of the type Xott+XoOXo+Xot. 











Molecular Q(obs. at Q(Eq. (2) at 
Gas diameter* Arb 150 ev) 150 ev) 
H. 2.730A 0.328A 25 cm 23 cm™ 
Oz 3.620 0.085 41 46 
NO 3.690 0.090¢ 51 48 
Ne 3.756 0.022 78 72 
CO 3.766 0.013 87 87 
Cl. 5.554 0.097 80 99 








8 From viscosity measurements, see reference 14. 

b Absolute value of the change in internuclear distance between the 
neutral and first ionized ground states. 

¢ Estimated from.-results of G. Glockler, J. Chem. Phys. 16, 604 (1948). 


those of nitrogen and carbon monoxide, are listed in 
Table I. In reactions involving diatomic gases, the 
change in internuclear distance resulting from transi- 
tions from the neutral to the ionized state must be con- 
sidered in estimating the probability of a given reaction 
taking place. Processes of this type are governed by 
the Franck-Condon principle. The observed values for 
the total cross sections are lower in every case than 
the values computed from Eq. (1). A better estimate 
of the values can be obtained from Eq. (2). 


Q=F(D,V)/(2.5—logi0(0.32/Ar)), 0.01<Ar. (2). 


F(D,V) is defined in Eq. (1) and Ar is the absolute 
value of the difference in internuclear distance (in A) 
between the neutral and first ionized ground states as 
tabulated by Herzberg.!7 The comparison of observed 
and calculated values given in Table II indicates how 
well the diatomic reactions follow Eq. (2). The devia- 
tion in the case of chlorine may possibly be due to the 
16 F. Wolf, Ann. Physik 30, 313 (1937). 


17G. Herzberg, Molecular Spectra and Molecular Structure (D. 
Van Nostrand Company, Inc., New York, 1950), 501. 
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use of an incorrect value for the ground state level.!* 
The correlation with experimental results may be im- 
proved if it is taken into consideration that some of the 
particles may be in excited states. Deciding a priori 
what these states should be can be difficult. Hasted® 
has recently shown that conformity of his results with 
the adiabatic criterion can be obtained for the reaction 
0.++ A—0,.+ A? if it is assumed that the incident ion 
is in the “x, state. If the ion in the symmetrical oxygen 
reaction is also assumed to be in this state, the values 


18 A, Elliot and W. H. B. Cameron, Proc. Roy. Soc. (London) 


A164, 531 (1938). 
19 J. B. Hasted, Proc. Roy. Soc. (London) A212, 235 (1952). 
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computed from Eq. (2) are in better agreement with 
experiment than if the ionic ground state is used. 

On the basis of the available data, the following 
conclusions can be drawn. 


1. Charge transfer cross sections for symmetrical 
reactions in monatomic and diatomic gases increase 
with increasing viscosity cross section. 

2. For diatomic gases the cross sections decrease as 
the changes in internuclear distances for the processes 
increase. 

3. The cross sections decrease with increasing in- 
cident ion energy in conformity with the adiabatic 
criterion. 
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The crystal structure of BrCN has been determined from single-crystal x-ray data. BrCN belongs to 
space group D2,(13)—Pnmm, with two molecules in a unit cell of dimensions: a= 5.80, 5=6.02, c=4.12 A 
(all +0.03 A). All atoms are in positions 2(a): +(x, 3, }) with parameters x,,=0.144, xc=0.45, and 
xn =0.65. The structure is made up of straight chains of BrCN molecules directed along the a-axis with 
the bromine atom of one molecule bonding weakly to the nitrogen of the next molecule in the same chain. 
The structure is consistent with recent measurements of quadrupole coupling for the Br and N nuclei. 


INTRODUCTION 


F a nucleus has a nonspherical charge distribution, 
and hence, an electric quadrupole moment, its 
coupling to the electronic electric field can be used to 
measure the gradient of the field. This measurement 
can sometimes be made by microwave spectroscopy on 
a free molecule in the gaseous state. In this case the 
coupling is governed by the structure of the molecule. 
Measurements can also be made in the solid state by the 
method of pure quadrupole resonance.! The coupling in 
the solid state is often close to that of the free molecule 
particularly if the substance forms good molecular 
crystals with only very weak intermolecular binding. 
Usually it is a few percent less in the solid because weak 
interactions of neighboring molecules tend in general 
to make the field at the nucleus more nearly spherical. 
The iodine coupling in ICN, however, is an exception; 
in this case, it is five percent greater in the solid (at 
293°K) than in the gas. This apparent anomaly has 
been explained by Townes and Dailey? on the assump- 
tion that there is some covalent bonding between the 
iodine atom of one molecule and the nitrogen atom of 
the next. This explanation is verified by-examination of 
the crystal structure of ICN.’ In this structure, mole- 





‘H. G. Dehmelt, Am. J. Phys. 22, 110 (1954). 

* C. H. Townes and B. P. Dailey, J. Chem. Phys. 20, 35 (1952). 

*J. A. A. Ketelaar and J. W. Zwartsenberg, Rec. trav. chim. 58, 
449 (1939). 


cules are arranged in straight chains with a distance 
between the iodine atom of one molecule and the 
nitrogen atom of the next molecule in the same chain of 
from 0.8-0.9 A less than the sum of the van der Waals 
radii of nitrogen and iodine. 

ICN belongs to space group C3,(5)—R3m with a 
unimolecular unit cell. All atoms are in positions 1(a): 
(x,x,“). The quadrupole resonance measurements con- 
firm the conclusion derived independently from x-ray 
data that all iodine atoms and consequently all nitrogen 
atoms and all carbon atoms occupy crystallographically 
equivalent positions. Were this not so, different reson- 
ances would be observed for the different positions. 
Because the experimental resolution is so high, even a 
weak intermolecular interaction would cause a detec- 
table shift between resonances of nonequivalent nuclei. 
Only if the nucleus has spin one can a splitting of the 
resonance be caused by other than nonequivalent lattice 
positions. For example, in the case of nitrogen, the 
resonance may be split into two components by a 
departure from cylindrical symmetry of the field 
gradient at the nucleus. This kind of splitting cannot 
occur for halogen nuclei and does not occur for nitrogen 
in ICN because each nucleus is on the threefold axis. 

Recently, measurements have been made of quad- 





rupole resonances of nitrogen* and bromine® in solid 
BrCN. The nitrogen resonance frequency was found to 
be very near that observed in solid ICN, but two 
components were observed. The splitting between 
these components was sensitive to temperature and 
they coincided and crossed over near 0°C. The presence 
of two nitrogen resonances was sufficient to indicate 
that BrCN is not isostructural with ICN. Only one 
bromine resonance was observed, indicating that the 
bromine atoms occupy crystallographically equivalent 
positions, and therefore suggesting the cause of the 
nitrogen splitting to be field gradient asymmetry. The 
bromine quadrupole coupling in BrCN is also higher in 
the solid than in the gas. 

It will be shown subsequently that the crystal 
structure and results of quadrupole resonance measure- 
ments of BrCN are consistent. 

The structure of the BrCN molecule in the gaseous 
state has been determined in two ways. Beach and 
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*G. D. Watkins and R. V. Pound, Phys. Rev. 85, 1062 (1952). 
5 A. L. Schawlow, J. Chem. Phys. 22, 1211 (1954). 
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TABLE I. Parameters from F ops Fourier syntheses. 











Parameters 
(001) + (010) 
Atom (001) (010) 2 
Br 0.145 0.143 0.144 
c 0.460 0.425 0.443 
N 0.632 0.630 0.631 








Turkevich® have determined the structure by electron 
diffraction and Townes, Holden, and Merritt’ by micro- 
wave spectroscopy. 


DETERMINATION OF THE STRUCTURE 


A crystal of BrCN was grown by sublimation in a 
thin-walled glass capillary of 0.3 mm internal diameter. 
Thickness of capillary wall was about 0.02 mm. The 
crystal was mounted on a goniometer head and aligned 
by means of the Hendershot*® method. A rational direc- 
tion of the crystal was found to lie within a few degrees 
of the capillary axis. This rational direction had an 
identity period of 5.80A. Weissenberg photographs 
were taken with CuKa (Ni filtered) radiation. These 
established the diffraction symmetry D2,—mmm for 
the crystal. Precession photographs were taken with 
the other two axes as precession axes using MoKa radia- 
tion (Zr filtered). All x-ray data were obtained at room 
temperature. 

The x-ray photographs indicated that reflections of 
the type (Ok/), k+/ odd are absent. Thus the probable 
space groups are De;,(13)— Pumm or C2,(7)— Pum. The 
cell dimensions are a=5.80, b=6.02, c=4.12+0.03 A. 
Assuming two molecules in the unit cell, the x-ray 
density is 2.44 g/cc. This value is somewhat higher 
than the reported pycnometric density of 2.015 g/cc 
given in the handbooks (primary reference not avail- 
able). This is not alarming however, because the 
crystals are very poor and some do show microscopic 
holes. In addition the BrCN is difficult to handle. 
Ketelaar and Zwartsenberg* found the same kind of 
discrepancy in the case of ICN. They found an x-ray 
density of 3.10 and a pycnometric density of 2.84 g/cc 
for that compound. 

The structure of BrCN is a simple one. All atoms 
must be either in positions 2(a) : + (x, 3, +) of Pamm or 
in 2(a): «yO; +-<, 9, 3 of Pum. (In the Pumm case, the 
origin is taken at 1.) An examination of the 0-layer 
Weissenberg film indicated that the (O&/) intensities 
were most likely independent of an irrational parameter, 
as would be expected if the correct space group were 
Pnmm. The precession photographs indicated that 
relative intensities amongst (k0) were similar to those 
amongst (h0/) reflections, therefore also pointing to the 


centrosymmetric space group as the correct choice. 


6 J. Y. Beach and A. Turkevich, J. Am. Chem. Soc. 61, 299 
(1939). 
7 Townes, Holden, and Merritt, Phys. Rev. 74, 113 (1948). 
8. P. Hendershot, Rev. Sci. Instr. 8, 436 (1937). 
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TABLE II. Parameters from F cate Fourier syntheses. 











Parameters 
(001) + (010) 
Atom (001) (010) 2 
Br 0.1437 0.1425 0.143 
C 0.451 0.438 0.445 
N 0.616 0.612 0.614 








The (hkO) and (Ol) intensities were estimated 
visually by comparison with an intensity scale. Lorentz 
and polarization corrections were applied using the 
Waser chart.*!° The structure could easily have been 
determined by trial and error but in order to expedite 
the solution, the Patterson synthesis 


b(«, 4) =D D| Faxo|? cos2a(ha+k/4) 
h k 


was computed. Beevers-Lipson strips! were used for 
the computation. From this synthesis, it was possible 
to deduce the followimg parameters for the atoms xx, 
=0.144, xc=0.45, and «y=0.64. These parameters 
were used to calculate reflection amplitudes. Values of 
the atom form factors for nitrogen and carbon were 
taken from McWeeny’s® paper. The values for the 
atom form factors for the bromine are averages of those 
from the Internationale Tabellen“ and from the paper 
of Pauling and Sherman.”® 

The observed reflection amplitudes were put on an 
absolute scale by comparison with the calculated values. 
Following this, a least-squares calculation was made 
applying equal weight to all (A0/) and (hkO) values. 
This resulted in the following: 

Axzr=0.000, Avxc= —0.006, Axy=0.022. The value 
obtained for the nitrogen leads to an impossible C=N 
bond length. Actually, the only really meaningful result 
is that obtained for the bromine atom because the 
contributions from the nitrogen and carbon atoms to 
both the structure factors and to the first partial deriva- 
tives are very small as compared with that of the 
bromine atom. 

Finally, Fourier syntheses (both Fp, and Feaic) were 
computed. These syntheses shown in Figs. 1(a) and 1(b), 


k 
are o(x, S)=D D Fano coste( i+), 
h k 4 


l 
and o(a, 3)=>0 > Fro cosde( ti+-), 
h 


The results are tabulated in Tables I and II. 


* J. Waser, Rev. Sci. Instr. 22, 467 (1951). 

~ J. Waser, Rev. Sci. Instr. 23, 420 (1952). 
_C. A. Beevers and H. Lipson, Proc. Phys. Soc. (London) 48, 
772 (1936). 

z C. A. Beevers, Acta Cryst. 5, 670 (1952). 

R. McWeeny, Acta Cryst. 4, 513 (1951). 

‘Internationale Tabellen zur Bestimming von Kristallstrukturen 
(Edwards Brothers, Inc., Ann Arbor, Michigan, 1944), Vol. 2. 
°L. Pauling and J. Sherman, Z. Krist. 81 (1932). 
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All phases, of course, of the F.,, are determined by 
the bromine atom, so that the changes in the parameters 
shown in Table I from those deduced from the Patterson 
are final for the given data. The corrections obtained 
from the F aie Series are negligible for the bromine atom 
but appreciable for the carbon and nitrogen atoms. 

The Fourier projections attest to the validity of the 
assumption that the correct choice of space group is 
the centrosymmetric one. This is so because the electron 
densities obtained from both the (001) and (010) pro- 
jections are very close for the bromine and nitrogen 
atoms. This, of course, is hardly to be expected for the 
carbon atom. 

The comparisons of the calculated with the observed 
reflection amplitudes are shown in Tables III and IV. 
The values for the discrepancy factors 


(R=D||Fo| —| Fe] |/2| Fol) 


are 0.14 for the (kk0) and 0.11 for the (hO/) reflections. 
(These exclude reflections too weak to be observed.) 
The values of B in the temperature factor, 


expL—B sin?0/\"], 


are 3.05X10~-'* for the (#kO) and 2.95X10~'* for the 
(hOl) amplitudes. No corrections were made for absorp- 
tion or extinction. 


TABLE III. Comparison of calculated with observed 
(hkO) reflection amplitudes. 











Amplitude Amplitude 
(Rk) Obs Cale (Rk) Obs Calc 
h=0 2 56 —61 h=4 0 33 —29 
4 29 36 1 19 16 
6 14 —19 2 25 24 
8 <i3 8 3 17 —12 
4 14 —17 
h=1 0 24 23 5 <13 7 
1 37 —42 6 “13 8 
2 19 —22 7 <i1l — 4 
| 24 28 
4 12 15 h=5 0 <13 — 3 
5 11 —17 1 19 18 
6 <13 — 8 2 <13 3 
7 <13 — 8 3 14 —14 
8 <13 4 4 <i3 — 2 
5 <13 9 
h=2 0 13 -— 9 
1 51 —49 h=6 0 14 10 
2 11 8 1 15 13 
3 a4 35 2 10 — 8 
4 <1l1 — 5 K | 13 —10 
5 16 —21 4 <13 6 
6 <13 3 
7 <13 8 h=7 0 11 10 
8 <1l — 1 
h=3 0 37 —35 
1 17 —16 
2 30 31 
3 13 13 
4 18 —20 
5 <13 — 8 
6 <14 11 
7 <13 4 
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Fic. 2(b). (100) projection of BrCN structure. 














The probable error in coordinates may be calculated 
from the least-squares data. When this is done, the 
value obtained for o(xp,) is 0.0017. The values obtained 
for o(xc) and o(xy) are 0.02. The value taken for the 
bromine parameter is therefore 0.144-++0.002. The results 
of either the least-squares or Fourier methods lead to 
the conclusion that one can say very little about the 
carbon and nitrogen parameters. The values of inter- 
atomic distances for Br—C, and for C=N, from the 
microwave spectroscopic determination are 1.790 and 

















Fic. 3(b). BrCN projection along [010]. 
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1.158 A, respectively. About 25 percent double-bond 
character is indicated for BrCN in the gaseous state, 
That is, the structure resonates between Br— C=N(~75 
percent) and Brt=C=N(~25 percent). As will be 
shown from the quadrupole couplings, when the BrCN 
goes into the solid, the latter structure becomes less im- 
portant and the additional structure —Brt—C=N- 
comes into importance. The result is that the intra- 
molecular interatomic distances should not be very 
different in the solid and gaseous states. On this as- 
sumption the carbon and nitrogen parameters should 
be 0.45 and 0.65 respectively. 


DISCUSSION 


A summary of the measured couplings of Br and N 
in solid and gaseous BrCN is given in Table V. The 
couplings are also expressed in terms of Uy, the equiva- 
lent number of “‘unbalanced”’ 9 electrons. For this con- 
version, the quadrupole coupling of a Br®! nucleus witha 
single p electron is taken as 623.0 Mc, from atomic 
beam measurements.'® For nitrogen, atomic beam 
measurements are not available, so the coupling of the 
nucleus with a single # electron is taken as 10 Mc. 
This value, together with a 50 percent s-hybridization 
of o bonds has been shown by Townes and Dailey,’ to 
be consistent with the quadrupole couplings observed 
in a number of nitrogen compounds. 

The sign of the coupling cannot be determined in the 
solid, and so is assumed to be the same as in the gas. 

It seems reasonable that, as proposed by Townes 
and Dailey for ICN, the bond structure in the solid 


TABLE IV. Comparison of calculated with observed 
(01) reflection amplitudes. 











Amplitude Amplitude 
(1) Obs Cale (1) Obs Calc 
h=0 2 48 47 h=4 0 33 —29 
4 14 20 1 18 16 
y 19 19 
h=1 0 24 23 3 <12 -9 
1 43 —40 4 <12 9 
2 17 —19 
3 18 21 h=5 0 <13 —3 
4 <12 9 1 18 18 
5 <14 —- 7 2 <12 3 
3 <12 —i1 
h=2 0 13 -— 9 
1 51 —47 h=6 0 14 10 
2 9 7 1 12 12 
3 18 25 2 <12 -7 
4 <i2 — 3 
5 <14 -— 9 h=7 0 11 10 
h=3 0 37 —35 
1 16 —16 
2 22 26 
z 11 9 
4 <13 11 
5 <il1 3 





—— 





16 V. Jaccarino and J. G. King, Phys. Rev. 83, 471 (1953), and 
private communication. 
na H. Townes and B. P. Dailey, J. Chem. Phys. 17, 782 
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BrCN isa superposition of the three structures shown in 
Table VI. The third structure involves intermolecular 
covalent bonds between molecules in the chain. As- 
suming just these three structures, their relative im- 
portance can be determined from the two measured 
quadrupole couplings (Br and N). The values obtained 
in this way are included in the table. 

In making these calculations, certain assumptions 
have been made.!7!8 These are: (1) Owing to the 
tightening of the p-electrons by a positive formal charge 
on the bromine atom, U,, is multiplied by 1.25. (2) In 
the third structure, the —Brt---— bonding is linear 
and therefore 50 percent s-character for o bonds to Br 
is assumed. (3) Apart from this case there is no s-char- 
acter in the Br o bonds. That there is a measure of 
arbitrariness in these assumptions is clearly understood, 
the goal being to show that such assumptions lead to 
plausible conclusions. 

The fractional importance of the intermolecular bond 
is not large,* and would have little effect on the bond 
distances within the molecule. The nuclear quadrupole 
coupling for atomic iodine has been measured since the 
paper of Townes and Dailey was written. The value of 
egQ for the atom, and hence, for a pure covalent p-bond 
is 2292 Mc, which is less than the coupling in either 
gaseous or solid ICN. Agreement with the experimental 
values, and a reasonable bond structure is obtained 
if the normal covalent iodine bond is assumed to have 
enough p-d hybridization to raise its coupling to 2500 
Mc. Such p-d hybridization was discussed by Townes 
and Dailey,!’ and has recently been used to explain the 
structure of solid iodine.’ 

The crystalline structure of BrCN gives credence 
to the results expressed above. The structure [see Figs. 
2(b) and 3(b)] consists of straight chains of BrCN 
molecules along the a-axis direction. Along the (100) 
pinacoid diagonal, these chains point alternately oppo- 
sitely and are separated by 3.65 Aon centers [ Fig. 2(b) ]. 
The distance between nearest chains in neighboring cells 


TABLE V. Quadrupole couplings in BrCN. 








Quadrupole coupling 





eqgQ Mc/sec Us 
State Br N Br N 
Gas — 573 — 3.85 0.891 —0.385 
Solid (— )5988 — 0.337 


(—)3.378 0.962 











*Extrapolated to 0° K. 


18 J. M. Mays and B. P. Dailey, J. Chem. Phys. 20, 1695 (1952). 
*In fact, the number indicated (9 percent) seems high, and 
may be a result of necessary simplifications in the assumptions. 
wee Dehmelt, and Gordy, J. Chem. Phys. 22, 511 
54). 
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TABLE VI. Percentage importance of structures in 
solid and gaseous BrCN. 











Up Percent importance 
Structure Br N* Solid Gas 
Br—C=N 1.0 —0.50 76 74 
Brt=C=N 0.625 0 15 26 
—Brt—C=N- 1.25 +0.50 9 








® 50 percent s-hybridization assumed for ¢ bonds to nitrogen. 


on two different diagonals is also 3.65 A, and these chains 
also point oppositely alternately. In exactly the c-axis 
direction, the chains point the same way and nearest 
chains are separated by 4.12 A, the length of the c-axis. 
Thus a given chain is surrounded by four chains point- 
ing oppositely at 3.65 A and two pointing in the same 
way at 4.12 A. 

The van der Waals radii of Br and N are 1.95 and 
1.5 A respectively. With a Br—C distance of 1.79 A 
and a C—N distance of 1.15 A, the over-all length of a 
free molecule would be 6.4A However, the a-axis is 
only 5.80 A long. The distance between the N atom of 
one molecule and the Br atom of the next molecule in 
the same chain is 2.87 A. It is seen therefore that there 
is some intermolecular bonding along the chains. This 
is in line with the results obtained from the quadrupole 
coupling data. 

Each Br atom is surrounded by four other Br atoms 
at distance 4.01 A and two Br atoms at 4.12 A. In 
neighboring chains the distance of a N atom to the 
nearest Br atom is 4.64 A, to nearest C atom is 3.7 A, 
and to the nearest N atom is 4.0 A. Thus except along 
the chains the structure is a loose one. 

As pointed out previously intermolecular bonding 
along chains occurs also in ICN. Figures 2(a) and 2(b) 
show the ICN and BrCN structures projected on the 
(00-1) and (100) faces respectively. (The ICN structure 
is referred to hexagonal axes for simplicity.) Figures 
3(a) and 3(b) show the ICN and BrCN projections 
along [11-0] and [010] respectively. If the BrCN mole- 
cule is considered a unit, it is seen that the stacking of 
molecules in the two structures is strikingly similar. 
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Production of Excited Hydroxyl Radicals in the Hydrogen Atom-Ozone Reaction* 


J. D. McKintey, Jr., DAvip GarvIN, AND M. J. BoUDART 
The James Forrestal Research Center, Princeton University, Princeton, New Jersey 


(Received September 21, 1954) 


Near-infrared emission spectrograms of vibrationally excited hydroxy] radicals in the ground state have 
been obtained upon mixing H atoms and ozone. A recent interpretation of a particular source of the night- 
sky radiation has been verified. A nonequilibrium distribution of energy between the reaction products 


is indicated. 





PECTROGRAMS showing the fine structure of the 
night-sky radiation in the near infrared have been 
obtained by Meinel.~* These and other night-sky 
spectrograms have been identified by him® and by 
Herzberg’ as radiation from vibrationally excited 
hydroxy] radicals in the*II ground state. Band sequences 
corresponding to vibrational quantum jumps of Av=4, 
5, and 6 were observed. Rotational constants were de- 
rived from the 5, 1 and 6, 2 bands which are consistent 
with the recent values obtained by Herman and Horn- 
beck® from their accurate data on the hydroxy] radical 
spectrum produced by an oxy-acetylene flame. 
Herzberg! has suggested two chemical mechanisms 
that could account for the production of these radicals 
in the upper atmosphere. One requires a direct reaction 
of hydrogen and oxygen atoms, (1), to form an unstable 
OH which then jumps to an upper vibrational level in 
the electronic ground state and undergoes the observed 
series of vibrational transitions. 


H+0—-0H (??2-)—OH* (?11)+/y 


1 
OH* (211) OH (11) +h. © 


The second mechanism involves a reaction between 
ozone and hydrogen atoms to produce hydroxy] radicals 
‘in a high (v=9) vibrational level of the ground state 
consistent with the energy of the reaction. 


H+0;—-0.+0OH* (711) 
AH=—3.57ev.t (2) 
OH* (211) OH (211) hy 


A comparison of the intensities of the lines observed 
by Meinel with those calculated on the basis of this 
second mechanism® supported the reaction between 
ozone and atomic hydrogen. 


* This research was supported by the United States Air Force 
under Contract No. AF 33(038)-23976 monitored by the Air 
Research and Development Command. 

1A. B. Meinel, J. Astrophys. 111, 207 (1950). 

2A. B. Meinel, J. Astrophys. 111, 433 (1950). 

3A. B. Meinel, J. Astrophys. 111, 555 (1950). 

4G. Herzberg, J. Roy. Astron. Soc. Canada 45, 100 (1951). See 
also D. R. Bates and M. Nicolet, Publ. Astron. Soc. Pac. 62, 106 

1950). 

' 5 R. C. Herman and G. A. Hornbeck, J. Astrophys. 118, 214 
(1953); G. A. Hornbeck, Fifth Symposium on Combustion 
(International), Pittsburgh, Sept. 1954, Paper No. 56. 

t This value is consistent with the newly determined dissociation 
energy of OH, see reference 5. 

6H. S. Heaps and G. Herzberg, Z. Physik 133, 48 (1952). 
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We have examined reaction (2) in the laboratory, 
and have obtained near-infrared emission spectrograms 
that show substantially the same line structure as the 
plates obtained from the night sky. We believe that 
this is strong evidence for the occurrence of reaction 
(2) in the upper atmosphere, and also that it offers a 
unique opportunity for obtaining detailed information 
about the behavior of a free radical possessing a large 
excess of vibrational energy. 


EXPERIMENTAL 


The radiation was produced in a low-pressure flow 
system by injecting a stream of ozone through a small 
nozzle into an atmosphere of partially dissociated 
hydrogen. Essentially, the system was the type used 
for the study of Polanyi diffusion flames.’ At and sur- 
rounding the tip of the ozone nozzle a faint reddish 
(7100 A) glow was observed. Figure 1 shows an infrared 
photograph of the radiation source used for the 
spectrography. 

Hydrogen atoms were produced by flowing hydrogen, 
saturated with water at room temperature, through an 
uncoated pyrex Wood’s discharge tube,* and then 
through the reaction chamber. Ozone was fed from a 
five-liter spherical flask through a flow-control capillary 
to the nozzle. In all cases the hydrogen-atom flow 
exceeded that of the ozone by more than a factor of four. 

The ozone was prepared in a separate apparatus as 
follows. Electrolytic oxygen was passed over platinized 
asbestos at 300°C, through Drierite, and into a Siemen’s 
ozonizer. The exit gases were condensed in a trap at 
liquid nitrogen temperature and at a pressure low 
enough to prevent appreciable condensation of oxygen. 
By pumping on the liquid nitrogen cooled sample 
additional amounts of oxygen were removed, and the 
concentrated product was finally distilled into the 
reservoir flask. The mole percent ozone in the reservoir 
at the time of use ranged from 80 to 95 depending on 
the length of time the sample was stored. 

With a high-speed four-stage mercury diffusion pump, 
the pressure at the reaction zone was kept at 0.20 mm 
Hg. The average ozone flow rate was 2X 10-* mole/sec. 
The flow rate of undissociated hydrogen was 10X10 


7M. Polanyi, Atomic Reactions (Williams and Norgate, London, 
reek L. Frommer and M. Polanyi, Trans. Faraday Soc. 30, 519 
1934). 
8 R. W. Wood, Proc. Roy. Soc. (London) A97, 455 (1920). 
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PRODUCTION OF EXCITED OH 


mole/sec. The percentage of hydrogen dissociated at 
the mixing point was 50-+5; this was determined in 
separate experiments by a calorimetric method.® 

The radiation passed through the pyrex wall of the 
reaction vessel and was imaged by a small uncorrected 
glass lens upon the slit of the spectrograph, a small, 
Hilger, constant-deviation, glass prism wavelength spec- 
trometer, similar to the D-186, (focal length 286 mm, 
f/11) with camera attachment. The dispersion of the 
instrument was 80 A/mm at 6500 A and 250 A/mm at 
8500 A. Spectrograms were taken on Eastman Kodak 
type I-N and I—M spectrographic plates that had 
been hypersensitized with ammonia and pre-exposed to 
a density of 0.3 to 0.5 immediately before use. Due to 
the low brightness of the source, exposures were made 
for two or three hours. Reference spectra of argon were 
taken on each plate. These were easily obtained from 
a two-watt Western Electric ‘‘Point-o-lite” zircon arc 
(which has an argon atmosphere). 

The products of the reaction were condensed in a 
trap held at liquid-nitrogen temperature, and then were 
analyzed. This phase of the work, which is not com- 
plete, will be reported later. 


RESULTS 


The better of two type I—N plates used in the 
analysis is reproduced in Fig. 2. The spectra were 
scanned with a Leeds and Northrup recording micro- 
photometer, and with these tracings the positions of 
the features of the bands were measured. A slit width 
greater than the optimum value was employed to show 
clearly the weak lines in the P branches. A consequent 
loss in resolution caused overlapping of the relatively 
intense Q lines with the R branch heads; also the doublet 
splitting is obscured. The measured positions of the 
various band elements, and the assignments to the 
hydroxyl spectrum are listed in Table I. Included are 
two bands tentatively identified by analysis of a type 
I—M (8500-10 000 A) plate. The wavelengths reported 
by Meinel are shown for comparison. The wave numbers 
in column 6 of Table I were calculated from rotational 
and coupling constants compiled by Herzberg” together 
with the vibrational constants computed by Meinel? 
from his data. The agreement with the observed fre- 
quencies is satisfactory in view of the uncertainty in 
our measurements (+5 A) occasioned by the low reso- 
lution of the spectrographic arrangement. 

No bands other than those recorded in Table I were 
observed ; of the bands predicted in this spectral region 
for vibrational transitions of hydroxyl formed in the 
9th level, all were observed with the exception of the 
6,1 transition at 6500 A. This band could not be seen 
due to the presence of the strong Ha line at 6560 A. 





<a G. Poole, Proc. Roy. Soc. (London) A163, 404 (1937); H. 
enkin and H. A. Taylor, J. Chem. Phys. 8, 1 (1940). 

‘ G. Herzberg, Molecular Spectra and Molecular Structure I. 
pectra of Diatomic Molecules (D. Van Nostrand Company, Inc., 

New York, 1950), p. 561. 
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TABLE I. Near-infrared emission spectrum of OH. 











Observed : Observed by' 
1, A v,cm=! Assignment Meinel Calculated 
(air) (vac) Band Branch K cm (vac) cm! (vac) 
6235 \* 16 033 
6258 15974 93 O,R 15 975 
(origin) 
6560 15240 Ha 15 233> 
an). 14629 7,2 Q,R 14 565 
6879 14 532 (origin) 
7288 13 717 83 QO 13 724.5 13 718.3 
7328 646 Pr 2 650.7 655.3 
7349 603 ad 3 605.1 607.2 
7374 557 4 554.2 554.0 
7409 493 P 5 494.3 493.6 
7471 13 381 40 R 13 389 
7492 344 R 345 
7523 289 Q 286 
7574 199 r 2 13 193.9 197.2 
7604 147 PP 3 150.4 
7756 12890 94 OQ 12 890.0 12 896.9 
7800 818 r 2 818.6 820.5 
7865 711 a. 710.3 
7877 691 R 696.6 691.8 
7897 663 94 P 5 : 666.7 664.9 
7966 23 SA P z 12 545.9 12 550.6 
8024 460 r 4 450.3 453.7 
8067 393 a 5 394.2 396.4 
8107 332 Fr 6 333.4 333.1 
8298 048 6,2 j%R 044.8 053.8 
8344 11 981 62 @ 11 982.7 
8349 974 Q 11 976.6 971.3 
8399 903 r 2 899.3 901.3 
8464 811 P 4 806.8 806.9 
8503 757 r 5 752.2 752.0 
8552 11 690 P 6 11 691.8 11 689.3 
8559 626 r 7 632.2 621.5 
8772 397 ia & 398 
8777 390 R 388.5 390 
8792 371 R 371 
8825 11 328 Q 11 322.8 11 320.2 
8890 239 Pr 2 240.4 242.4 
8928 198 4 3 203.1 199.9 
8970 145 P 4 154.9 151.7 
9006 101 a 5 097.3 
9300\° 10 752 8,4 10 658 
9400 10 637 (origin) 
10 000¢ 10000 9,5 9 986 
(origin) 








® Limits of unresolved emission band. 

b Handbook of Chemistry and Physics (Chemical Rubber Publishing 
Company, Cleveland, Ohio), 35th edition. 

e Observed on type I—M plate. 


Comparison of our spectra with the near-infrared water- 
vapor emission bands" showed no similarities. 

In separate experiments we have injected ozone 
into a stream of undissociated hydrogen under condi- 
tions comparable to those described above. An examina- 
tion of the trapped exit gases showed no evidence of 
reaction. This is in agreement with some observations 


1 A. G. Gaydon, Proc. Roy. Soc. (London) 181A, 197 (1942). 








Fic. 1. Ozone nozzle tip showing radiation source. 


of Lewis” on the explosion limits of ozone, hydrogen 
mixtures. On mixing pure oxygen and atomic hydrogen 
and photographing the emission spectrum on a type 
I—N plate, only the Ha line was observed after a one- 
hour exposure. In neither of these experiments was the 
red radiation characteristic of the H, O; reaction 
visible. The intensity of the 6500 A radiation was far 
greater in the ozone experiments than in that using 
oxygen. We believe that the Ha line observed in the 
latter is due to reflection from the Wood’s discharge 
tube, and incline to Meinel’s view that the 6,1 transition 
occurs. 

The position of the radiation source leaves little doubt 
in our minds that reaction (2) is the immediate pre- 
cursor of the OH radiation. The radiation emanated 
from a region immediately about the tip of the ozone 
nozzle and, in part, from within the end of the nozzle. 
Observations on other low-pressure diffusion flames 
indicate that the initial reaction between the reagents 
occurs in the region just described. In addition to reac- 
tions (1) and (2), the following possible initial reactions 
can be imagnined 


H+0,.=OH+0. (3) 
H+0.+M=HO0.+M. (4) 


These three reactions can be ruled out as radiation 
precursors because of the negative results in the control 
experiments described in the preceding paragraph. 
Reaction (1) requires the presence of oxygen atoms 
which must come from the disassociation of ozone within 
the nozzle. Were sufficient oxygen atoms produced from 
this source at room temperature we would expect to 
have observed reaction products upon mixing hydrogen 
(molecular) and ozone. If atomic hydrogen in the 
system can produce an extremely fast catalytic decom- 
position of ozone within the nozzle, a sufficient supply 
of oxygen atoms might be delivered to the nozzle mouth. 


2B. Lewis, J. Am. Chem. Soc. 55, 4001 (1933). 
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Fic. 2. The emission spectrum of hydroxyl in the near infrared. 


However, the short contact time of ozone in the nozzle 
(4X 10- sec) argues against this possibility. Upon these 
grounds, and the fact that H and O; are the major 
reagents, we conclude that reaction (2) is most prob- 
ably the initial reaction and consequently is, in this 
system, the source of the radiating hydroxyls. 

The source of the night-sky hydroxyls, however, 
cannot be positively identified as reaction (2) on the 
basis of these laboratory experiments alone. The general 
interpretation of the night-sky radiation in terms of 
reaction (2) has been criticized recently by Krasovskii." 
On the other hand the production in the laboratory of a 
spectrum very similar to that of the night sky offers 
direct support to the mechanism implied in reaction (2). 

One other conclusion, the consequences of which 
are now being investigated, stands out. In this system 
it appears that of the two molecules produced in the 
two-body collision, the hydroxyl radical carries off the 
bulk of the reaction energy. This is an extreme case of 
a nonequilibrium distribution of energy. 

The absolute-rate theory, being an equilibrium 
theory, makes no prediction of the energy distribution 
among the immediate products of a reaction act. The 
detailed path by which activated complexes decompose 
is beyond the scope of the theory. Although speculations 
have been made concerning possible nonequilibrium 
distributions following reaction,“ the reality of their 
existence for an elementary reaction had not been 
established in the laboratory. The success of these ex- 
periments possibly depends on the low probability for 
collisional deactivation of the hydroxyl radicals.” 

We are indebted to Professor A. G. Shenstone of the 
Physics Department for the loan of the spectrograph, 
and to Dr. James A. Amick of the David Sarnoff Re- 
search Laboratories, Radio Corporation of America, 
for making the densitometric traces of our plates. 


18 V. I. Krasovskii, Usp. Fiz. Nauk 47, 493 (1952). 
4S. Golden and A. M. Peiser, J. Chem. Phys. 17, 630 (1949). 
15H. A. Bethe and E. Teller, BRL Report X-117. 
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Energy Transfer by Collisions in Vapors of Chlorinated Methanes* 


D. Setre,t A. Busata,f anp J. C. HupsBarp§ 
Department of Physics, Catholic University of America, Washington, D. C. 


(Received June 7, 1954) 


Ultrasonic velocity has been measured at 30°C in the four chlorinated methanes: methyl chloride, methy- 
lene chloride, chloroform, and carbon tetrachloride, at pressures from 1.5 cm Hg to more than one atmos 
in the case of methyl chloride, and with the others to the vapor pressures available up to 28°C and at 
frequencies from 0.2 to 2 Mc sec™. Dispersion of the velocity has been found in each case, the relaxation 
frequency /pressure ratios, correcting for departure from the ideal gas law, at 30° being in CH;Cl, CHCl,, 
and CCl, respectively 1.13, 27.3, and 23.3 Mc sec atmos™. In CH2Clz two relaxations have been found 
with respective frequency/pressure ratios after similar corrections of 2.27 and 105 Mc sec atmos. 





INTRODUCTION 


HE process of energy transfer by collisions be- 

tween gas molecules has recently received much 
attention. R. N. Schwartz, Z. I. Slawsky, and K. F. 
Herzfeld! have given a theory for the calculation of 
transition probabilities and relaxation times in the 
energy exchange between translation and vibration of 
gas molecules, which despite some simplifying and 
restrictive assumptions, is a noticeable advance over 
the preceding situation. It is evident, however, that 
further theoretical developments are needed to have a 
satisfactory picture of the phenomena. In the process 
of testing and developing new theories, it was felt by 
the authors that information on the behavior of a 
series of gases whose molecules had structures inti- 
mately related might be significant, and for that reason 
we have studied the four chlorinated methanes. 

A previous investigation? by the present authors 
on the vapors of cis- and frans-dichloroethylenes suc- 
ceeded in showing that the efficiency of collisions in 
those gases is essentially determined by short-range 
forces and that the dipole forces do not appreciably 
affect the magnitude of the transition probabilities. 
Boudart® has shown that when the correction is made 
for departure from the ideal gas law, only one relaxation 
time, within the precision of our experiments, is evident 
in any one vapor. 

Recently J. D. Lambert and J. S. Rowlinson* have 
studied a large number of organic vapors and in each 
case in which they find acoustic dispersion it can be 
represented in terms of a single relaxation time charac- 
teristic of each vapor. At this writing (November, 1953) 
there has appeared a study by Fogg, Hanks, and 





*Work supported by Office of Naval Research. 

} From the Instituto di Ultracustica, Rome, Italy. 

t Now at Bell Telephone Laboratories, Murray Hill, New Jersey. 

§ Died August 2, 1954. 

‘Schwartz, Slawsky, and Herzfeld, J. Chem. Phys. 20, 1591- 
1599 (1952); R. N. Schwartz and K. F. Herzfeld, J. Chem. Phys. 
22, 767-773 (1954). 
9s” Busala, and Hubbard, J. Chem. Phys. 20, 1899-1902 

*M. Boudart, J. Chem. Phys. 21, 955-956 (1953). 

‘J. D. Lambert and J. S. Rowlinson, Proc. Roy. Soc. (London) 
A204, 424-434 (1950-1951). 


Lambert> on the vapors of the halo-methanes. This 
includes data on all the substances discussed here as 
well as many others. They find: “Dispersion or incipient 
dispersion occurs in all cases. Each dispersion zone 
observed corresponds to a single relaxation time, in- 
volving disappearance of the whole of the molecular 
vibrational energy.’”’ Their measurements were made 
at a temperature of 100°C, and at pressures between 
0.25 and 2 atmos, while the results presented here were 
obtained at 30°C and at pressures ranging from 1.4 cm 
Hg upward to one atmos in one case. S. Petralia® has 
studied the dispersion of sound in methyl chloride at 
14°C, and his results and those of Fogg, Hanks, and 
Lambert! are later discussed with ours. 

As has been discussed by Schaefer,’ two extreme cases 
of dispersion are distinguished in polyatomic molecules. 
In one (parallel excitation) the energy is exchanged 
between translational and each vibrational degree of 
freedom independently. In the second case (series 
excitation) only one internal vibration mode exchanges 
energy with translation, and the energy subsequently 
flows from the first into the other vibrations. In real 
cases both processes may be present at the same time, 
but pertinent experimental data so far presented are not 
sufficient in quantity or precision to permit any gen- 
eralization, and for this reason we undertook the 
present work. 


METHOD OF MEASUREMENT 


Sound velocity measurements were made with an 
acoustic resonator interferometer with short acoustic 
path and with construction insuring rigorous parallelism 
between the optically plane parallel piezoelectric X-cut 
quartz plates used and the moving piston. An improved 
drive for the latter developed here® was used in all the 
measurements presented in this paper. This drive 
consists of external gears working on a bent arm en- 
closed in a metal bellows so as to turn the micrometer 
screw inside the vacuum-tight enclosure of the inter- 
ferometer. Further improvements were made during 

5 Fogg, Hanks, and Lambert, Proc. Roy. Soc. (London) A219, 
490-499 (1953). 

6S. Petralia, Nuovo cimento 9, 351 (1952). 


7K. Schaefer, Z. physik Chem. B46, 212 (1940). 
8 W. J. Thaler, J. Acoust. Soc. Am. 24, 15 (1952). 
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Fic. 1. Dispersion of ultrasonic velocity in 
methyl-chloride vapor at 30°C. 





the course of the experiments: reducing areas of surfaces 
in contact inside the interferometer, a:large portion of 
the contact of the piston with the sidewalls of the con- 
taining tube being cut away, openings made into 
cavities of the micrometer screw, and an enlarged duct 
made into the acoustic space between piston and re- 
flector. These improvements have greatly reduced the 
time necessary for evacuation of the interferometer 
system and have correspondingly reduced the time 
needed for securing equilibrium of pressure of the vapors 
studied. A new method of measuring the positions of 
reaction peaks was adopted. This consists in moving 
the piston (upwards) toward the crystal when nearing 
a reaction peak and recording the screw and galvanom- 
eter readings just before the peak is reached; the screw 
is then carefully turned in the same direction until the 
same galvanometer reading is reached. The mean of 
the two screw readings is then taken as the peak reading. 





p44 T r T T T r T 


I a a ee 
198+ = CHCl 
IDEALIZED VELOCITY . 
196 © (9760 MC/SEC ° 
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Fic. 2. Dispersion of ultrasonic velocity in methylene-chloride 
vapor at 30°C. Insert: three values of measured velocity (not 
idealized) for each of two-crystal frequencies at similar values of 
J/p, for comparison with the respective idealized velocities on the 
curve above. 


The symmetry of the crevasse must be assured during 
this operation, otherwise the peaks will not be sym- 
metrical at the top.’ 

This procedure has been tested under many conditions 
of pressure, and it is not too much to say that the gain 
in precision is nearly an order of magnitude. The con- 


TABLE I. Ultrasonic velocities in CH2Cle vapor at 30°C. 











Frequency p oa Vr Vi 
in Mc sec™! cm Hg atmos! m sec™! m sec™! 
0.20338 28.16 0.5489 186.63 188.04 
25.34 0.6070 186.82 188.08 
24.46 0.6319 187.38 188.60 
24.40 0.6335 187.31 188.54 
21.31 0.7253 187.04 188.11 
20.46 0.7555 187.19 188.21 
18.15 0.8516 187.63 188.40 
17.33 0.8919 187.65 188.52 
17.15 0.9013 187.49 188.34 
15.48 0.9985 187.93 188.70 
10.93 1.414 188.50 189.03 
0.3975 16.86 1.792 188.88 189.74 
13.66 2.212 189.93 190.64 
13.13 2.301 189.93 190.60 
10.55 2.864 190.87 191.39 
8.79 3.437 191.13 191.56 
7.17 4.213 191.62 191.96 
5.98 5.052 192.05 192.34 
4.79 6.31 192.3 192.5 
3.78 7.99 192.9 193.1 
3.05 9.90 193.1 193.2 
0.399356 25.62 1.179 187.93 189.22 
24.99 1.209 187.96 189.21 
24.38 1.239 188.29 189.50 
21.76 1.389 188.11 189.20 
1.9760 22.45 6.601 191.28 192.43 
18.01 8.338 192.19 193.12 
14.14 10.62 192.42 193.15 
11.02 15.06 192.50 193.06 
9.00 16.69 192.62 193.08 
7.02 21.39 192.86 193.19 
5.92 25.37 193.25 193.54 
5.08 29.56 192.8 193.0 
5.05 29.74 192.9 193.2 
5.02 29.92 193.3 193.6 
4.50 33.37 193.6 193.8 
4.04 ote 192.9 193.1 
4.02 37.36 192.5 192.7 
3:31 2 194.1 194.3 
2.97 50.6 194.3 194.4 
2.76 54.4 194.6 194.7 
ye | 59.8 194.6 194.6 
2.24 67.0 194.5 194.6 
2.00 75.1 195.4 195.5 
1.87 80.3 195.2 195.3 
1.77 84.8 196.0 196.1 
1.41 106.5 197.6 197.6 
1.34 112.0 195.7 195.8 








venient low-pressure limit for significant results has 
been pushed to about 0.5 cm. It should be emphasized 
that the force opposing motion of the micrometer screw 
is its own friction plus the weight of the piston and its 
friction. The frictions are remarkably constant where 
the motion is always upward towards the crystal. 


9 J. C. Hubbard, Phys. Rev. 41, 531 (1932). 
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ENERGY TRANSFER IN VAPORS OF CHLORINATED METHANES 


The quartz crystals used had the resonance fre- 
quencies of approximately 0.2, 0.4, 1.0, and 2.0 Mc sec". 
The pressure range was 2.7 to 100 cm Hg for CH;Cl; 
1.3 to 28cm Hg for CH2Cl2; 2.9 to 13.9 cm Hg for 
CHCl;; 1.5 to 12.1 cm Hg for CCly. Because the tem- 
perature of the laboratory reached 30°C at times, 
nearly all the measurements were made at temperatures 
between 31 and 32°C, controlled to 0.05°. The data were 
reduced to 30° with the help of standard corrections. 
The chemicals used were of analytical grade and 
furnished by the following manufacturers: methyl 
chloride from the Matheson Company, methylene 
chloride from Fisher and from Eastman, and chloroform 
and carbon tetrachloride from Fisher. The samples of 
methylene chloride used were obtained by distillation 
of the Eastman chemical at 40°C. Methyl chloride was 
distilled into a cooled vessel under pressure. 

The method of admitting vapor to the interferometer 
system consists in first introducing the liquid, the vapor 
of which is to be studied, into a closed vessel which can 
be connected through a stopcock with the interferometer 
system. The system, except for the vessel mentioned, is 
pumped out through a trap cooled with a dry ice and 
alcohol mixture. The pump is then closed off as well as 
the interferometer system. The liquid vessel is opened 
for a moment, then closed, releasing air and some 
vapor which is condensed into the trap. The air is then 
pumped out, the vessel opened again for a moment, and 
closed, to release more air and some vapor. The cooling 
trap and connecting tubes are of such volume that in 
four or five steps the liquid begins distilling into the trap 
and the volume of liquid is reduced by about one fourth. 
The liquid container is then surrounded by a dry ice- 
alcohol bath and after some minutes is opened into the 
rest of the system for final pumping out. The last stage 
in this process consists in shutting off the trap and 
pump, removing the cooling bath from about the liquid 
container and allowing vapor to fill the interferometer 
system to a desired pressure; after this, the container 
is closed and the cooling bath replaced about it. It is 
usual to make determinations of velocity with several 
samples of vapor secured in this way before proceeding 
with a series of velocity determinations at different 
pressure reductions. The agreement of velocity deter- 
minations for different samples at approximately equal 
pressure is an indication of the relative purity of the 
samples, and corresponds closely to the precision ex- 
pected from half-wave determinations. 


EXPERIMENTAL RESULTS 


In Table I the experimental values, V,, of the sound 
velocity, and the idealized values, V;, are given for 
CH:Cl. The idealized velocity, V;, for all four vapors 
is shown in Figs. 1, 2, 3, and 4, as function of 


f*=f/p sec atmos. 


This variable is chosen because only the ratio of the 
period to the time between collisions—which is in- 
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Fic. 3. Dispersion of ultrasonic velocity in chloroform vapor. 


versely proportional to p—matters. The present body 
of data together with much previous work, confirms 
this.!° 

THE IDEALIZATION OF VELOCITIES 


The idealized velocity, V;, has been obtained from 
the measured value, V,, by the relation 


V, | 1 /dB RT @B 


V; RT C£N\dT 2, 47 





|-1-20, (1) 


where # is pressure, C,° and C,° are the low-frequency 
ideal specific heats which have been calculated from 
spectroscopic data, and B is the second virial coefficient. 
This formula does not take account of any variation 
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Fic. 4. Dispersion of ultrasonic velocity in 
carbon-tetrachloride vapor. 


1 See, e.g., W. T. Richards and J. A. Reid, J. Chem. Phys. 2, 
193 (1934); Literature Review: W. T. Richards, Revs. Modern 
Phys. 11, 42, 49 (1939). 
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Fic. 5. Factor a for the “idealization” of measured acoustic 
velocities at small pressures, in methane and the vapors of the 
chlorinated methanes at 30°C. 


of specific heats due to acoustic relaxation," but, as 
was shown by R. T. Beyer,” this correction is very 
small and can be neglected. The determination of the 
second virial coefficient has been made using the 
Berthelot relation™ and the critical pressure and tem- 
perature, thus: 





128 p\ 7 





9 RT. 6T 2 
). (2) 


The critical data are available for methyl! chloride, 
chloroform, and carbon tetrachloride as indicated in 
Table II. For methylene chloride (CH2Cl2) the only 
critical datum we have found in the literature is the 
critical temperature. In order in this case to determine 
the idealization factor, a, we note that for CH;Cl 
CHCl;, and CCl, the entropy of vaporization is very 
near to 21 cal deg mole, as is usually the case for 
unassociated normal substances.'® Because of this uni- 
formity, and moreover because the idealization factor 
changes almost uniformly as the number of chlorine 
atoms increases for the three cases in which we have 
all the critical data, we could assume that the idealiza- 
tion factor of CH:Cl. may be taken from the smooth 
curve of a vs the number of atoms of chlorine in the 
molecule, as shown in Fig. 5. The value of a for CH2Cl. 
indicated in this manner is about 0.020 atmos~. As has 
been pointed out by Lambert and Rowlinson‘ a plot of 
V, with should give a straight line in the absence of 
acoustic dispersion and its extrapolation of p=0 gives 
Vo, the velocity of sound in the idealized vapor. Our 
data treated in this manner yield a slightly larger 
value of a. 

However, since the low-frequency data given here are 
measurably within the dispersion zone, the value of a 


1 Otohiko Nomoto, Bull. Kobayasi Inst. 1, 162 (1952). 

2 R. T. Beyer, J. Acoust. Soc. Am. 24, 714 (1952). 

13 §. Glasstone, Textbook of Physical Chemistry (D. Van Nostrand 
Company, Inc., New York, 1946), second edition, p. 295. 
4 International Critical Tables. 
6 Reference 13, p. 457. 
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TABLE IT. Idealization factors, a, for ultrasonic velocities. 











CH, CH;Cl CH:Cle CHCl; Ch 

Critical 

temperature (°C)* —82.5 143.1 245.1 262.5 283.1 
Critical 

pressure (atmos)> 45.8 65.8 (59.2) 53.8 44.98 
AS, vaporization 

(cal/mole °K)¢ 17.51 20.7 21.4 20.99 20.5 
Cv®(30°C) 

(cal/mole °K) 6.69 7.84 10.36 13.85 18.12 
a(atmos™) 

at 30°C 0.000424 0.00927 (0.0232)4 0.03086 0.04422 








a From: International Critical Tables. 

b From: Glasstone, reference 13, p. 457. 

e All vaporization entropies at 760 mm Hg from Bur. Standards, selected 
values of chemical thermodynamic properties. 

4 Adjusted. See text, Idealization of Velocities. 


finally used for CH2Cl» has been such as to bring the 
values of V; into a single, uniform curve, Fig. 2. The 
value of a required for this is 0.0232 atmos. An insert 
in this figure shows three values of V, at two frequencies, 
in order to illustrate the match achieved in V; using 
this value of a. Using the available critical constants 
in Table II and Eqs. (1) and (2), it corresponds to a 
critical pressure of 59.2 atmos, which is inserted in 
brackets in the table. 


DISCUSSION OF RESULTS 


Plotted as a function of f/p Mc sec“ atmos“, Figs. 
1, 2, 3, and 4, the measured idealized ultrasonic velo- 
cities show a dispersion of values between theoretical 
limits that are calculated from the specific-heat change 
involved in the disappearance of the vibration levels 
of the molecules, these levels being determined from 
infrared and Raman spectra.!* Table III gives the fre- 
quencies of the various modes of vibration of each 
molecule and their contributions to the specific heat 
at 30°C calculated with the Planck-Einstein formula. 
C,° was obtained by adding the total vibrational 
specific heats, C;, te 3R which is the translational and 
rotational contribution to the specific heat. In the table 
are also given the ratios of specific heats, yo, yx, and the 
limiting velocities, Vo, V.. (two upper limits for CH2Cl,). 

The calculated velocities both in the dispersion zones 
and in their limits agree excellently with the reduced 
measured velocities. It is therefore considered that the 
purity of the vapors is satisfactorily established. This 
fact seems to clear up some anomalies in Petralia’s’ 
experiments on CH;Cl. From measurements of ultra- 
sonic velocity he found for the specific heat of CH;Cl 
at 14°C the respective low- and high-frequency values 
of C,°=7.89 cal mole and C,*=6.05 cal mole“. The 
corresponding idealized limit velocities would be 241.78 
m sec~ and 250.61 m sec™, while in the values obtained 
from spectroscopic data the same temperature would 
be Vo= 244.34 m sec! and V.=251.13 m sec". There 
is therefore a difference in both the values of the limit 
velocities and the increase of velocity due to relaxation. 
On the basis of the experimental results obtained by 


6G. Herzberg, Infrared and Raman Spectra of Polyatomit 
Molecules (D. Van Nostrand Company, Inc., New York, 1945). 












us, it se 
betweer 
presenc 

V2 is 
where } 
of the 
a single 
relaxati 
Vo and 


The inf 


The rel. 
placed s 
best ma 
the expt 
sented v 
of a sin, 
be calcu 


The c 
tion zon 
in the d 
relaxatic 
and tha 
phenom 








® Double 
> Triple, 














ENERGY TRANSFER IN VAPORS OF CHLORINATED METHANES 


us, it seems reasonable to attribute these discrepancies 

between Petralia’s experiment and expectation to the 

presence of some impurities in the gas tested by Petralia. 

V2 is represented as a function of f* by Eq. (3), 

where f.* is the value of f/p for the inflection point 

of the S-shaped curve corresponding to dispersion for 

a single relaxation time. The asymptotes of the single 

relaxation-time dispersion curve are represented by 
Vo and V.. 

V2 f+ Vii." 
V?= ; (3) 
f+ fu 





The inflection point occurs at the value of 
Vw=L(Veet+Vin*)/2 J. 


The relaxation curves, Figs. 1, 3, and 4, have been 
placed so as to represent the experimental results in the 
best manner. It is evident from Figs. 1, 3, and 4 that 
the experimental results for these gases are well repre- 
sented within the experimental error by the assumption 
of a single relaxation time. The relaxation time, 7, can 
be calculated from f,,* values with the relation 


ed (4) 
patiseiwons semi 4 
mie’ GC” 


The case is different for CH2Cle, in which two relaxa- 
tion zones are clearly evident. The presence of a plateau 
in the dispersion line of CH2Cle, Fig. 2, shows that the 
relaxation zones have at least two relaxation frequencies 
and that these are sufficiently far apart to consider the 
phenomena to be independent of each other. Under 
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these circumstances Eq. (3) is to be replaced by (5): 
a(f*/ fort? b(f*/ fur"? 
1+(f*/for*)® 14+(f*/fos*?” 
a=V or—V°; b=V o2%—V a’, (6) 


VZ=V°e 


(= 





(5) 


where 


and V «; is at the same time the upper limit of velocity 
for the low-frequency relaxation and the lower limit for 
the higher frequency relaxation; V «2 is the upper limit 
of velocity for the high-frequency relaxation. 

From Eq. (5) the curve V; vs f/p has been drawn, 
Fig. 2. The two relaxation frequencies have been 
chosen with the criterion of best fit. From what has 
been mentioned before, fw:* and fws* are the relaxation 
frequencies corresponding respectively to the relaxation 
times 7; and 72 given in Table IV. 

The specific heat corresponding to the velocity, 
V o;=193.30 m sec“, is C,”1=3.86R. This means that 
the vibrational specific heat, C,°—C,*!= (5.21—3.86)R 
=1.35R, is involved in the low-frequency relaxation 
while the portion, C,*:—C,”?= (3.86—3)R=0.86R, is 
left for the high-frequency relaxation, The data on the 
contribution of the various vibration modes of CH2Cl» 
to the specific heat (Table III) seem to indicate that 
all vibration modes except the lowest are involved in 
the first-relaxation phenomenon, leaving only the mode, 
Ymin= 283 cm™ for the high-frequency relaxation. 


THE EXCITATION PROCESS OF VIBRATION MODES 


In the sense that they are well represented by theo- 
retical curves with a single relaxation time, the results 
on CH;Cl, CHCl;, and CCl, are in agreement with those 
obtained by Lambert and Rowlinson‘ in other poly- 
atomic gases such as benzene and cyclopropane vapors. 


TABLE III. Vibrational heats, specific heats, and ideal limiting sound velocities of chlorinated methanes. 











CH:;Cl CH:2Cle HCls CCl 

¥cm-! AC:i/R ycm-! ACi/R yem=! ACi/R ¥cm~! ACi/R 

732.1 0.3986 283 0.8626 260° 1.7648 218* 1.8306 
1015.0 0.3816 704 0.4246 364 0.7844 305» 2.5263 
1354.9 0.0673 737 0.3937 667 0.4609 460 0.6822 
1454.6 0.0966 899 0.2623 760* 0.7460 775» 1.0797 
2966.2 0.0001 1155 0.1263 1205* 0.2164 siete 
3041.88 0.0002 1266 0.0894 3033 0.0001 C;:/R 6.1188 

= — 1429 0.0529 ayers 
C;/R 0.9444 2984 0.0001 Ci/R 3.9726 


3048 0.0001 








® Double. 
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TABLE IV. Relaxation value of frequency/pressure, f.*; experimental relaxation time, 7; relaxation time for the exchange of energy 
between translation and the lowest vibrational mode, 7*; molecular diameter, d; Sutherland’s Constant, S; average number of collisions 
per sec, Z; average number of collisions for de-excitation of the lowest vibrational mode, Z10* ; frequency of lowest vibrational mode, pmin; 


temperature, 30°C. 











Sw* «10-6 
Mc sec™ 7 X108 d* 7* X108 Ymin 
atmos”! sec A Sb Z X10-10 sec Z10* cm-! 
CH, 107 3.882 198 1.69 80.7 4800 1306.2 
CH;Cl 1.13 18.5 3.375 441 1.07 7.81 835 732.1 
CH2Cle 2.27 9.46 4.759 425 1.61 2.83 464 704 
105 0.195 0.195 31 283 
CHCl; 213 1.35 5.430 462 1.85 0.601 110 260 
CCl, 23.3 2.08 5.881 492 1.99 0.621 123 218 








® Hirschfelder, Bird, and Spotz, Chem. Revs. 44, 205 (1949). 
b J. Braune and R. Linke, Z. physik Chem. A148, 195 (1930). 


This conclusion is more widely confirmed by Fogg, 
Hanks, and Lambert® with respect to the ten methyl 
halides studied by them at 100°C, but their detailed 
conclusions as to relaxation time are somewhat different 
from ours, viz., our values for 710° sec for CH;Cl, 
CHCl;, and CCl, at 30°C are respectively 18.5, 1.35, 
and 2.08; theirs, at 100°C, 18, < 2.8, 8.3. For CH2Cle, 
we have the two relaxation times, 7X 10* sec, 9.46 and 
0.195, while they give a single value, 8.4. The com- 
parison of these results suggests that a study of tem- 
perature dependence of relaxation times of larger mole- 
cules is much needed. 

The existence of only one relaxation time in CH;Cl, 
CHCl;, CClq seems to indicate that the excitation 
process of the various modes of vibrations of these 
molecules is not a parallel process. In fact, if this were 
the case, the experimental results would mean that 
modes of different vibrational frequency would all 
have the same relaxation time, while it is expected that 
the different quanta involved in the transitions would 
produce different transition probabilities and different 
relaxation times. 

It seems therefore that the experimental results in 
CH;Cl, CHCl;, CCl, are to be explained by assuming 
that the excitation process is a series one with the 
relaxation time for internal conversion very small. 

This is a conclusion reached also by Lambert and 
Rowlinson considering many polyatomic molecules in 
which the relaxation phenomena occur with a single- 
relaxation time. These authors pointed out that in the 
cases examined by them the relaxation time itself as 
well as the average number of collisions needed for 
de-exciting a molecule decreases with the frequency 
of the lowest vibration mode. Accordingly they sug- 
gested the view that in these polyatomic molecules 
the energy is exchanged between translation and the 
mode of lowest frequency which is more easily activated ; 
the energy flows then from this mode to the others and 
vice versa very rapidly. 

For the case in which the observed single relaxation- 
time dispersion curve is related to a series process 
(i.e., only one vibrational mode exchanges with transla- 


tion while the internal conversion relaxation times are 
very small), the relaxation time 7* of the exchange 
translation-vibration mode is given by Eq. (7). 

. coc © 


a (7 


= =T—, 
2afe® C.-C; C; 


where C* is taken as the contribution of that mode to 
the specific heat and C; as the total vibrational specific 
heat. 

The values of C*, taking with Lambert and Rowlinson 
for C* the contribution of the lowest vibration mode, 
are given in Table IV for CHy, CH;Cl, and CCly. The 
relaxation data on CH, at 30°C have been obtained 
by extrapolation of Eucken-Aybar’s! results in the 
range 109-353°C. In the same table are calculated for 
the same molecules the average number of collisions, 
Z0*, to de-excite the lowest vibration mode: 


Z0" — *Z, (8) 


Z being the average collision number per second, 


4RT\} S 
2—2ne'( ) (1+-) (9) 
M T 


and m, the number of molecules per cm*; d, the diameter 
of the molecule; S, Sutherland’s constant. 

The results in CH;Cl and CHCl; when compared 
with the data on CH, seem to confirm the view of 
Lambert and Rowlinson in the sense that an increase 
of efficiency of collisions (decrease of Zo) corresponds 
to a decrease of ymin. The results on CCl, compared 
with those on CH, show the same behavior, but if they 
are compared with those in CHCl; a decrease of effi- 
ciency corresponds to a decrease of ymin. The change 
in mass between CHCl; and CCl, molecules, of course, 
acts by itself in the sense of decreasing the efficiency of 
CCl, collisions. Observing however that the percent 
change in mass between CHCl; and CCl, is much less 
than that between either CH, and CH;Cl, or CHsC! 


17 A. Eucken and S. Aybar, Z. physik Chem. B46, 195 (1940). 
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ENERGY TRANSFER IN VAPORS OF CHLORINATED METHANES 


and CHCl;, it seems improbable that the different 
behavior of CHCl; and CCl, could be due entirely to a 
mass effect. 

In contrast to the cases of CH;Cl, CHCl3, CCl4, the 
experiment in CH2Clz vapor shows the presence of two 
well-distinguished relaxation times, and it is not 
possible to draw a definite conclusion as to the prevalent 
excitation process. A parallel excitation of at least two 
modes could be present. However in the light of the 
results obtained for other polyatomic gases, it seems 
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likely that in CH2Clz also a series process is mainly 
effective with a finite relaxation time for some internal 
conversion. If this is true, the mode of lowest frequency, 
v4, exchanges energy with translation giving rise to the 
faster observed relaxation process 72, while the feeding 
of higher modes from the lowest is the origin of the low- 
frequency relaxation. In such a case it would of course 
be probable that the flow of energy towards the higher 
modes occurs also as a series process via the second 
low mode 73. 
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Equations relating dipole velocity and dipole length matrix elements have been tested for x electron 
systems treated by a molecular orbital method. Considerable improvement in the validity of the equations 
is noted when configuration interaction is included in the calculations. 


INTRODUCTION 


RANSITION probabilities in molecular systems 

have been computed usually with the use of 
the dipole moment operator in its dipole length form. 
Recently, Shull! has made calculations of transition 
probabilities in some simple diatomic molecules using 
the dipole moment operator in both its dipole length 
and its dipole velocity form. He has attempted to gain 
some insight into the form of ground and excited state 
wave functions by making use of the quantum mechan- 
ical relationship existing between the matrix elements 
of the two above mentioned types of dipole moment 
operators when one uses exact eigenfunctions of the 
Hamiltonian of the molecule treated. It appears that 
no computations of dipole velocity matrix elements in 
conjugated organic systems have as yet been carried out. 
Since these systems have received a major amount of 
attention inthe study of molecular wave functions, it 
seemed worthwhile to study the two types of dipole 
moment matrix elements in these systems. Such a study 
might supply some information as to the reliability 
of the wave functions employed and might also be 
used in attempting to improve the wave functions. 


PROCEDURE 


If ¥, and W, are eigenfunctions of the Hamiltonian 
H with eigenvalues E, and E,, respectively, one finds? 








h? ) 
fiver rt VidtT= f v,.*> —YV dr, (1) 
7 i Or; 


E,—E.4n°m r 


*Work performed under the auspices of the U. S. Atomic 

nergy Commission. 

'H. Shull, J. Chem. Phys. 20, 18 (1952); 20, 1095 (1952). 

* See, for instance, L. I. Schiff, Quantum Mechanics (McGraw- 
Hill Book Company, Inc., New York, 1949), p. 247. 





where r; stands for a coordinate of the 7’s electron, 7 is 
to be summed over all electrons, and m is the electronic 
mass. If one now has wave functions ¥, and W, which 
are not true eigenfunctions of the Hamiltonian, these 
will satisfy the relations 


Ay.= HawWatHadet+Hatbat seen => HawWn,; 
, (2) 
AY,=HowWot+HowitHowit : ++ =L Hombn, 


with 

Hon= f Y,*Hypadr, 
where one has expanded Hy, and Hy, in terms of some 
complete orthonormal set of y’s. For these functions 


one finds by methods similar to those used in the 
derivation of Eq. (1), the relationship 


1 [ h? 
foe 
Bu~lt J 4r?m 


a) 
XE —udr— Hom f YolS riba 
m+b a 


7 Or; 





fuer rpdt= 


+2, Hox® f Vn* ribet. (3) 
n+a 7 


Equation (3) for the ¥’s which are not eigenfunctions 
of the Hamiltonian is quite similar to Eq. (1) in that 
it only adds terms to the right-hand side of Eq. (1) 
which involve the expansion coefficients introduced in 
Eq. (2). With the Haq integrals expressed in electron 


















































794 MAX WOLFSBERG 











TABLE [.* 
Dipole Dipole 
Molecule Transition length velocity 
ethylene TPA ig Bou 
Baw. without configuration 
hh interaction 1.000 0.492 
ae with configuration 
& eM interaction 0.667 0.544 
cyclobutadiene J'B2,—>/'E, 
without configuration 
interaction 1.00 0.39 
with configuration 
interaction 0.022 0.025 
PAy,-T'Ey 
without configuration 
interaction 1.00 0.56 
with configuration 
interaction —0.014 —0.025 








® Substitution of wave functions into the left- and right-hand sides of 
Eq. (1). The J's refer to the fact that in each case we are dealing with the 
lowest lying state of that symmetry classification. 


volts, 
‘ 
ff vetrbadr in A, and feud in AW, 
Or; 


Eq. (3) becomes 


1 
fvex ror-_|7.018 f Wa* 
7 Hyw—Haa 


0 . 
x> —ydtr— 3 Hom | "ae YW mdt 
m+b 7 


7 Or; 


+E Hon® [ WX riba (4) 


n+a 


In this paper we shall be dealing with molecular 
orbital wave functions. The functions ¥, and ¥, may 
then be considered to be single configuration functions 
(which we used as first-order approximations to good 
molecular wave functions) with the ¥,,, and Wy’. being 
other configuration wave functions with which y, and 
WY» interact. The Hy, and H,, are then the interaction 
integrals which occur when one carries out configuration 
interaction calculations in molecular orbital theory. 
In practice, in carrying out configuration interaction 
calculations on organic m electron systems using the 
LCAO approximation, only those states arising from 
the use of 27 orbitals of the carbon atoms in the 
molecules have been drawn into consideration. In 
testing the validity of Eq. (3), we shall then only use 
these same configurations and assume that interaction 
integrals which connect the wave functions with yet 
other configurations are zero. In addition to testing 
Eq. (3) with single configuration molecular orbital 
wave functions, Eq. (1) will be tested in some cases 
using for Y, and W, the final wave functions resulting 


from a configuration interaction calculation which has 
been restricted in the above mentioned manner.’ 

Configuration interaction calculations have been 
carried out previously on the molecules with which we 
deal in this note. They are ¢rans-butadiene,‘ cyclobuta- 
diene,’ ethylene,® and benzene.’ The calculations in 
this note made use of the same integrals as those used in 
the published calculations whenever these applied. Only 
one new type of integral appeared, /Warpr(0/Ox»)Wr25, 
Xdr. It can be easily evaluated by employing the 
method used in evaluating overlap integrals.® 

The substitution of wave functions resulting from a 
configuration interaction calculation into Eq. (1) is 
quite straightforward and will not be further discussed. 
The use of Eq. (3) is simpler since it only requires a 
knowledge of the matrix elements involved in the 
secular equation without requiring its actual solution. 
We give as an example its application to the dipole 
velocity matrix element between the lowest lying 
configurations of symmetries 1B, and ‘£, in cyclo- 
butadiene which will be referred to as [’By, and /'E,,. 
Higher lying states will be referred to as //'By, 
ITE, etc. One then obtains 


[vad sw @Edar 


1 
Ay CE.) —H1,1(' Beg) 
i 0 
in f ¥*(I'Bog)d) —V(l'E.)dr 
2 i Ox; 


4n’m 





— HE) f V* (I'Bag) x (ITE, )dr 


+Hi,r1(Bx) J v* (IT Bog) 0x (I'Eu)dr | (5) 
7 
or, 
1 
J ¢:%26.dr= 
H,,1C-Eu)— 1,1 Bog) 








h 0 
J toate ti CB) f go*xgidt 
x 


4n?m 


6} 
+ Hr, lI (Bas) — f o-teduir| (6) 


3 Such a test of Eq. (1) may of course be also considered a test 
of Eq. (3) for functions Y, and y» for which all Hom and Han are 
zero. 

4C. A. Coulson and J. Jacobs, Proc. Roy. Soc. (London) 
A206, 287 (1951). 

’D. P. Craig, Proc. Roy. Soc. (London) A202, 498 (1950). 

6 R. G. Parr and B. L. Crawford, J. Chem. Phys. 16, 526 (1948). 

7 Parr, Craig, and Ross, J. Chem. Phys. 18, 1561 (1950). 

8 _ Rieke, Orloff, and Orloff, J. Chem. Phys. 17, 1248 
1949). 
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TABLE IT.* 
A B 
1 
ee =a ( ~ RS Hom {vor Leibast 
ie 7.618 ao 

Transition sree Hus Head *° Fa" +S Hest fon? Zen") A+B 
ethylene 
T;Aig Ban 1.000 0.492 0.407 0.899 
cyclobutadiene 
By, TE, 1.000 0.390 0.496 0.886 
PAD Ey 1.000 0.563 0.345 0.908 
PAPE. 1.000 0.833 0.000 0.833 
PA IPE, 1.000 0.799 0.000 0.799 
benzene 
PA, TE, 1.000 0.472 0.539 1.011 








* Substitution into the left- and right-hand sides of Eq. (4). The symmetry designations refer to single configuration molecular orbital wave functions a 
and Wo, with J’s referring to the lowest lying configuration of that symmetry and JJ to the next lowest lying configuration of the same symmetry. 


In setting up Eq. (5), use is made of the vanishing of 
many integrals. The ¢’s in Eq. (6) refer to the individual 
molecular orbitals.® 


RESULTS 


The results of the calculations involving the substitu- 
tion of configuration interaction wave functions into 
Eq. (1), and single configuration molecular orbital 
wave functions into Eq. (3) are given in Tables I and 
II, respectively. In Table I, the results for wave 
functions without configurational interaction are also 
shown explicitly. It is seen that in every case the 
introduction of configuration interaction either lessens 
the difference between the left and right sides of Eqs. 
(1) and (3) or does not change anything. In the cases 
when the contribution from 


- 2. Him { Vat Wndr+ Dd | Vn Lr wed 
m=b n+a 


is zero in Eq. (3), the agreement between the right and 
left hand side of the equation is good, nevertheless. 
No numerical results for trans-butadiene are presented. 
Here it was attempted to use the configuration interac- 
tion wave functions given in the paper by Coulson and 
Jacobs.‘ While the results here again indicated that the 
agreement in Eq. (1) was much better when the 
configuration interaction functions were used rather 
then when the single configuration functions are used, 
the actual numbers are in some doubt since the data 
given by Coulson and Jacobs leaves the sign of the 
coefficients of some of the wave function in doubt. 
Since the actual magnitude (but not the relative values) 
of the integrals involved in Eq. (1) and (3) depends on 
the choice of the coordinate, and the form of the wave 
function ¥, when y is a wave function of a degenerate 
state, we list in the Tables I and II all the results 
normalized to /Waxpsdr equal to 1 when Yq and yy, 
are the single configuration molecular orbital wave 
functions. 
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para-Dichlorobenzene Vapors 
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The absorption spectra of o- and p-dichlorobenzene vapors appearing in the region 2900-2400 A and 
2950-2400 A, respectively, were photographed and measured. For the ortho-spectrum the band at 36 232 
cm is assigned as the 0—0 band. The progression with frequency intervals of 1089 cm™ starts from the 
stronger bands. For the para-spectrum, the band at 35 750cm™ is taken to be the 0—0 band. The only 
progression-forming frequency is 1051 cm~. In both the spectra, most of the prominent bands are assigned 
to progressions or combinations of the possible fundamental frequencies. The fundamental frequencies are 
compared with the Raman values. From the vibrational analysis it is concluded that both molecules in the 
excited electronic states retain all their elements of symmetry in the ground states. For the para-compound 
the molecular structure in the upper state is discussed in some detail. 





INTRODUCTION 


HE near ultraviolet absorption spectra of the 
three isomeric-dichlorobenzene vapors were stud- 
ied by Wollman (quoted by Sponer'); however, the 
detailed report has not yet been published. The ultra- 
violet absorption spectra of these substances in hexane 
solution have been studied by Conrad-Billroth.? The 
Raman spectra of dichlorobenzenes were reported by 
many authors* and the depolarization data are also 
available.t Lecomte’ and Thompson® described the 
infrared absorption spectra of these compounds. Partial 
assignments of the fundamental frequencies to vibra- 
tional modes in the ground electronic state were given 
in different papers. They are collected in the Landolt- 
Bornstein Tables’ and were taken from there. From the 
electron diffraction measurements of o-dichlorobenzene 
Brockway® derived a planar structure of this com- 
pound, while Hassel? concluded that the two chlorine 
atoms are out of the benzene plane in opposite directions. 
In the present paper, detailed interpretations of 
ultraviolet absorption spectra of o- and p-dichloro- 
benzene will be described and a possible molecular 
structure of the para-compound in the upper electronic 
state will be discussed. 


1H. Sponer, Revs. Modern Phys. 14, 224 (1942). 

2H. Conrad-Billroth, Z. physik. Chem. B19, 76 (1932). 

3 Dadieu, Kohlrausch, and Pongratz, Monatsh. 60, 253, 426 
(1932); J. W. Swaine and J. W. Murray, J. Chem. Phys. 1, 512 
(1933); O. Paulsen, Monatsh. 72, 244 (1939); H. Sponer and J. S. 
Kirby-Smith, J. Chem. Phys. 9, 667 (1941); E. Herz, Monatsh. 76, 
( mn and Herz, Kohlrausch, and Vogel, Monatsh. 76, 200 

1947). 

40. Paulsen, Monatsh. 72, 244 (1939); E. Herz, Monatsh. 76, 
1 (1946); and H. Sponer and J. S. Kirby-Smith, J. Chem. Phys. 9, 
667 (1941). 

5 J. Lecomte, J. phys. radium 9, 13 (1938). 

6 R. E. Richards and H. W. Thompson, Proc. Roy. Soc. (Lon- 
don) A195, 1 (1949). 

7 Landolt-Bérnstein, Zahlenwerte und Funktionen (Springer- 
Verlag, Berlin, 1951), sixth edition, Vol. 1, Part II, p. 312. 
a Brockway and K. J. Palmer, J. Am. Chem. Soc. 59, 2181 

1937). 
(1947) Bastiansen and O. Hassel, Acta. Chem. Scand. 1, 489 


EXPERIMENTAL 


The samples of o- and p-dichlorobenzene were syn- 
thesized from the corresponding chloranilines by Sand- 
meyer reaction. The o-dichlorobenzene was distilled 
several times before use while the p-dichlorobenzene was 
purified by sublimation. 

The spectrograph used for the ortho-compound was a 
Hilger E-II quartz spectrograph having a dispersion of 
12 A/mm at 2600 A. The para-spectrum was taken by 
a quartz spectrograph whose dispersion at 2700 A is 
8 A/mm. The absorption cell with quartz windows was 
40 cm long, to which a small side tube was attached. 
A small glass ampoule containing the sample was 
placed in the side tube and the absorption cell was 
evacuated. After sealing off the cell the ampoule was 
broken, letting the vapor fill the entire cell. 

The temperatures of the main cell and the reservoir 
were controlled independently by a nichrome-wired 
heater, always keeping the former about 10°C higher 
than the latter. When it was necessary to keep the 
reservoir cooler than the room temperature by means 
of an appropriate freezing mixture, the main cell was 
kept always at room temperature. The temperature of 
the reservoir was thus changed from 1° to 125°C 
for the ortho-compound, and from 0° to 200°C for the 
para-compound. 

A hydrogen discharge lamp was used as a continuous 
light source and an iron arc supplied the comparison 
spectrum. Well-exposed plates, using Fuji process 
brand, were obtained in 40 min for the ortho-compound, 
and in one hour for the para-compound. Wavelengths 
were determined with a comparator supplied by Kagaku- 
Kenkyusho. 


RESULTS 


The ortho-spectrum appears in the region between 
2900 and 2400 A. About 300 bands were observed. All 
bands have heads on the violet side. On a plate taken 
at 1°C only the stronger bands appear, of which the 
one at the longest wavelength, 2759.2 A (36 232 cm”), 
is taken as the 0Q—O band. Other stronger bands ap- 
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pearing on the 1°C plate are at 36 539, 36 669, 36 842, 
37 190, 37 321, 37 718, 37 760, 38 276, and 38 404 cm™. 
The frequency separations between any one of these 
stronger bands and its close-lying long wavelength com- 
panions are 24 and 59 cm" or their combinations. With 
increasing temperature of the reservoir, many more 
bands appear on the long-wave side of the 0Q—0 band, 
and at the same time the short-wave bands become 
more intense. The largest number of bands is observed 
on a plate taken at 35°C, and on plates taken at higher 
temperatures the absorption becomes so strong that 
the spectrum appears continuous (see Fig. 1). 

The experimental data for the ortho-compound are 
given in Table I. Wavelengths and wave numbers of 
the observed bands are listed in columns one and two, 
respectively. The wave numbers are accurate to 2 or 3 
cm for the sharper bands. For each reservoir tempera- 
ture visually estimated intensities are given in columns 
three, four, and five, in which: ew=extremely weak, 
vw=very weak, w= weak, mw= medium weak, m= me- 
dium, ms= medium strong, s=strong, vs=very strong, 
and es=extremely strong. Wave-number distances of 
each band from the 0—O band at 36 232 cm™ are given 
in column six while column seven contains vibrational 
assignments. 

The para-spectrum appears in the region between 
2950 and 2400 A, in which about 400 bands were ob- 
served. All bands are degraded towards the red. On a 
plate taken at 0°C, bands with wave numbers 35 750, 
36 081, 36 278/86, 36 801, 36 811, 37 000/08, 37 211/16, 
37 526, 37 538, 37 850, 37 863, 37 934/42, and 38 270/76 
cm are observed, of which the longest, 2796.4 A 
(35 750 cm), is considered as the 0—O band. Each of 
these bands is accompanied by satellites on the longer 
wavelength side, dominantly with separations 26 and 
86 cm™. The effect of increasing the temperature is the 
same as in the case of the oriho-compound, and the 
largest number of bands are observed on a plate taken 
at 50°C (see Fig. 2). 

The data for the para-compound are listed in Table II, 
in the same way as in Table I for the ortho-compound. 


THEORETICAL CONSIDERATIONS 


From the group theoretical considerations and the 
Franck-Condon principle applied to polyatomic mole- 
cules,” if the molecule in the excited state has the same 
symmetry elements as in the ground state, the only 
vibrations which appear in progression in the spectrum 
are the totally symmetrical ones, whose origins of the 
normal coordinates in the two states should be con- 
siderably different. The nontotally symmetrical vibra- 
tions should appear only in v—» transitions, since, in 
this case, the normal coordinate origins of these vibra- 
tions are the same in the two states. The intensities of 
these v—» transitions are determined by Boltzmann 





 G. Herzberg and E. Teller, Z. physik. Chem. B21, 410 (1933) 
and H. Sponer and E. Teller, Revs. Modern Phys. 13, 75 (1941). 
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Fic. 1. Absorption bands of o-dichlorobenzene vapor. 


factors of the nontotally symmetrical vibrations con- 
cerned. If the molecule belongs to different symmetry 
groups in the two electronic states, the progression- 
forming vibrations are totally symmetrical with respect 
to the lower symmetry group and may be nontotally 
symmetrical with respect to the higher one. The 
p-dichlorobenzene cannot have a symmetry higher than 
V,, and o-dichlorobenzene not higher than C2. 
Undoubtedly, -dichlorobenzene belongs to V, in 
the ground-electronic state and the fact that the only 
progression-forming vibration is a totally symmetrical 
one (Table II) shows that the molecule has the V, 
symmetry also in the upper electronic state. As to 
o-dichlorobenzene, Brockway and Hassel suggested, 
as mentioned earlier, different models for its ground- 
electronic state. From the absorption spectrum it is 
interpreted that the only progression-forming vibration 
(Table I) is a totally symmetrical vibration of the 
C2, model suggested by Brockway. This vibration, of 
course, is totally symmetrical in the C; model and we 







































































798 T. ANNO AND I. MATUBARA 
TaBLE I. Absorption bands of o-dichlorobenzene. 
Wave- Wave . Separation Wave . Separation 
length numbers Intensity from 0,0 numbers Intensity from 0,0 
in A inem=!115°C 105°C 95°C band Assignments incm=! 35°C 21°C 1°C band Assignments 
2906.9 34391 vw —1841 669 ms m mw 437 0+437 
02.7 441 vw ~1791 708 w 476 0+610—136 
00.4 468 vw —1764 730 mw w vw 498 0+610—2 X59 
2894.0 544 vw vw vw —1688 765 w 533 
90.1 591 vw vw —1641 786 mw w vw 554 0+610—59 
87.4 623 vw —1609 819 w vw 587 0+610—24 
86.5 634 vw —1598 842 m mw vw 610 0+610 
81.4 695 vw —1537 872 mw w vw 640 
80.6 705 vw —1527 915 w 683 
79.8 715 w —1517 951 mw w vw 719 
78.4 731 vw vw —1501 992 w 760 O—327+1089 
76.7 752 vw —1480 37015 mw w 783 0+958—3 X59? 
75.7 764 w —1468 032. w vw 800 
74.8 775 w —1457 047 ~w 815 0+958—136 
73.9 786 vw w —1446 073 ms =m w 841 0+958 =2 x59 
724 8 vw —1428 129 ms m Ww 97 +958 —59 
71.5 815 vw —1417 157 w ms 925 0+1089 —164 
69.1 844 w —1388 172 4 ms 940 0+958—24 
66.1 880 vw vw w —1352 190 s ms mw 958 0 +958; 041089 —136 
204 ms w 9 +1089 —2 X59 
105°C 95°C 85°C 225 w w 993 0+610 +437 —59 
“a 243 Ow 1011 0+1089 —83 
SS Oe le Og tees 259 ms m mw 1027 0+41089—59;0+4610 
59.0 967 m —1265 0—1134—136 +437 —24 
. «Vien = = 282 mw w 1050 0+610+437 
57.3 988 vw m mw 1244 0—1134-114 
= 2 4 298 w 1066 0+1089 —24 
53.3 35037 ms mw 1195 0—1134—59 
52.6 046 vw —1186 4 . = ead 0 +1089 
95°C 85°C 75°C 383 vw 1151 
51.7. 057 vw —1175 a an 
50.2 075 s —1157 O-—1134—24 476 w 1244 0+151+1089 
48.3 098 s m ms —1134 O0—1134 505 w vw sovw 1273 0+437+958 —2 x59 
45.1 138 ms mw m —1094 O-—1037—59 569 , 1337 0+437+958—5 
42.9 165 m —1067 0—1037 —24 oa ee ee , 
40.5 195 vs s s —1037 O-—1037 610 m 1378 0+437+958 —24 
a a ae 628 mw w vw: 1396. 0 +307 +1089; 
32.2 298 mw  —934 olas7 i. ooo 
a 407 01148683 
° ° ° 639 Vw 1 —83 
30.9 314 oe 918 a 2 1466 01.1486 24; 04-437 
R w - mw vw —24; 
27.8 353 8 mw ow —879 0-662 —226 +1089 —59 
25.2 385 w —847 718 mw mw vw 1486 0+1486 
23.6 405 s mw  w — 827 0 —662 —3 X59? 760 w mw vw 1528 0+437+1089 
5 mw —791 777 vw 1545 
19.2 461 es ms m -771 0—662—114 805 w w 1573 0+610+1089 —2 x59 
16.9 490 mw —742 0-662 —24—59 846 vw 1614 0+610+1089 —83 
15.1 512 vs m m —720 0-—662—59 866 w 1634 
12.4 546 vs m mw —686 0—662—24 876 vw 1644 0+610+1089 —59 
10.5 570 vs s ms —662 0-662 903 w 1671 0+610+1089 —24 
O73 608 — ”" a —. (| ree 
e w _ Ww 
04.7 644 mw —588 965 w vw 1733 
38001 w 1769 
55°C 45°C 35°C 039 mw w vw 1807 0+4437+41486—2 X59 
028 668 mw w vw —S64 0—5S03—59 — a ee isu 
“——- i * _ = SS on 096 mw vw 1864 0+4437+1486 —59 
2 6 Cs 8 wy 836 0-656 138. mw 1906 0-+958+1089 —136; 
88.7 849 s ms w —383 0-327 —59 0+437 +1486 —24; ‘ 
86.4 878 8 w —354 0-—327—24 042958? ' 
. vs mw —327 0-327 155 mw w vw 1923 0+958+1089 —2 X59; 
°, ° ° 16 Ww 1936 
35°C 21°C 11°C 215 m mw vw 1983 0+ 958 +1089 —59 
79.6 966 m —266 241 mw 2009 
65 006 6 mw w —226 0-226 276 ms m w 2044 0+958 +1089 
74.3 035 ms w w —197 307 vw vw joes 
72.9 053 «Ov. -179 0-—3X59 334 w vw vw 2102 
—-— a. .«  ~ oe 372 w vw vw 2140 04+2X1089—24; 04610 
69.6 096 s mw w —136 0-—136;0-—2 x59 —24 +437 +1089 
67.9 118 es s m —114 0—114;0—2 X59 404 mw w vw 2172 O0+2 X1089 
65.5 149 5 mw w —83 0-—83;0—24—59 
63.7 173 vs 8 m -—59 0-59 45°C 35°C 21°C 
60. 12 s m mw —20 0-24 
9.2 232 00.4 444 vw 2212 
. seilicctadtanss allies 2599.2 462 vw «2230 
45°C 35°C 21°C 98.4 474 vw sow 2242 
96.5 502 vw 2270 
56.7 265 vs mw w 33 0492-59; 04151 —2 x59 94.9 526 vw 2294 
54.2 298 ms w w 66 0492 ~—24; 0+4+151—83 93.1 552 vw sow 2320 0+307+2 1089 —164 
52.2 324 vs mw w 92 0492; 0+151 —59 92.1 567 vw 2335 
49.7 357. s w w 125 0+151 —24 90.9 585 vw ow 2353 
47.7 383 ~vs w w 151 0O+151 90.3 594 vw 2362 
46.2 403 s w vw 171 0+195 —24 86.9 645 vw sovw 2413 
He; = vs mw w = 0+195; 0+307 —2 x59 82.2 715 ms w vw 2483 ya 1089; 0 +437 
: mw +958 +108 
40.6 478 8 mw w 246 0+307—59 80.3 744 m vw sovw 2512 0+437+2 1089 —2 X59 
37.9 514 s mw vw 282 0+307—24 79.0 763 vw 2531 
36.0 539 vs m mw 307 0+307 76.3 804 ms  w vw 2572 0 443742 x 1089 —59; 
34. m vw +1486 +1 
32.4 587 vw 355 0+437-—83 72.6 860 m vw sovw 2628 0+437+2 1089 
30.7 610 vs m mw 378 0+437—59 70.8 887 m vw sovw 2655 0+610+2 X1089 —2 X59 
¥ vw 9. vw 2676 
28.1 645 m vw 413 0+437—24 69.0 914 vw 2682 0+610+2 1089 —83 
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UV SPECTRA OF o- AND p-DICHLOROBENZENE VAPORS 799 


TABLE I—Continued. 








Wave- Wave I . Separation Wave- Wave - Separation 
length numbers ntensity from 0,0 length numbers Intensity from 0,0 
inA inem 45°C 35°C 21°C band Assignments inA inem= 75°C 65°C 55°C _ band Assignments 
63.3 39001 vwow 2769 0+610+2 1089 59.6 645 s mw 4413 
60.5 043 vw sew 2811 58.9 656 mw 4424 
56.2 109 vw sew 2877 0+3X958? 57.7 676 s mw vw 4444 
54.7 132 vw 2900 56.2 701 vw 4469 
52.7 163 ms vw ew 2931 O-—327+3 X1089 55.4 714 mw vw 4482 
48.6 226 s w vw 2994 0+958+2 X1089 —136 54.2 734 mw vw 4502 
45.6 272 ew 3040 53.7 742 mw 4510 
43.8 300 w 3068 52.8 757s 4525 
43.2 309 w ew 3077 0+958+2 1089 —59 50.8 791 s mw vw 4559 
42.0 327 s w 3095 0+3 X1089 —163 49.0 821 s vw 4589 0+4437+958+43 
39.6 365 s w vw 3133 0+958+2 X1089 1089 —164 
38.0 389 m 3157 47.6 844 sg mw vw 4612 
36.1 419 m vw ew 3187 46.4 864 mw 4632 
33.8 455 vw 3223 0+610+437+2 1089 44.8 891 s mw vw 4659 0+4437+958+3 1089; 
31.5 490 m vw sew 3258 0+3 1089 0+307 +4 X1089 
. “i x 43.7 909 mw vw 4677 
65°C S5°C 45°C “3 oa mw 4701 
1.2 951 mw vw 4719 
27.4 = w — 40.5 963 mw 4731 
24.4 602 mw mw 33 39.8 975 s mw 4743 
23.6 614 w 3382 38.9 990 mw 4758 
22.0 639 mw prved 37.9 41007 s mw vw 4775 0+437+4 1089 
20.8 658 s w 3 ear 35.3 050 s mw vw 4818 
19.5 679 w pres 33.7 077 s mw 4845 
19.0 = w = 31.8 109 mw 4877 
17.6 : . w mw a . 9400 o- 30.7 128 s mw vw 4896 
13.6 2 ms ow 3 +307 +3 X1089 —24 28.2 170 mw 4938 0+610+4 1089 
12.0 797 ms Ww mw 3565 0+307 +3 X1089 26.6 197 — we 4965 
10.9 = w oa 26.0 208 mw 4976 0+3 X958+2 1089 —59? 
07.7 : : w pone eaane , 25.2 221 mw vw 4989 
03.4 = ms ow w scan +437 +3 X1089 23.7 247 s mw vw 5015 0+3X958+2 1089 —24? 
4 pi. ms w 3753 22.5 267 mw 5035 0+3 X958+2 X1089? 
24983 40015 w 3783 21.6 283 s mw vw 5051 
— —” h lUw 3798 0+4610+3 X1089 —59 —=— = we 6S 
=. oo w +: lal acacia 18.9 329 mw vw 5097 0—327+5 1089 
oy =. w 4 17.4 354 s mw 5122 
935 092 m id 3860 0+4610+3 1089 — — oo38 
ay = = w = +610+3 X 16.0 378 8 mw 5146 0+2X958+3 X1089 —24? 
oe — = w oa 15.3 390 vw 5158 
2 i w ro 14.6 402 s mw 5170 0+2X958+3 X1089? 
oy or w peed 12.9 431 mw vw 5199 0+958+4 X1089 —2 X59 
= i w pe 12.0 447 mw vw 5215 0+958+4 X1089 —83 
a. i = w os 10.8 467 8 mw 5235 0+958+4 X1089 —59 
res po m w pe 10.0 481 5 mw vw 5249 
6 (236 w 4004 08° $10 — 3278 0+958 +4 X1089 —24 
i s mw vw 2 9 x - 
83.6 252 m w 4020 0-327 +4 X<1089 2 529 mw 5297 0+958+4 «1089 
75°C °C °C 39 552 s mw 5320 
s “ ss 04.5 576 mw 5344 0+5 X1089 —83 
82.0 278 s w 4046 02.8 605 mw 5373 0+5 X1089 —59 
80.0 310 sg m mw 4078 0+958+3X1089 —136; 01.3 631 mw 5399 0+5X1089 —24 
. 0+2 X958+2 X1089? 00.1 652 s mw 5420 0+5X1089 
78.5 335 m 4103 0+958+3 1089 —2 X59 2399.3 666 mw 5434 
77.6 350 m w 4118 98.3 684 8 5452 
76.8 363 s m w 4131 0+958+3 X1089 —83 94.8 744 mw 5512 
76.3 371 s 4139 93.9 760 s 5528 
744 402 5s m 4170 0+958+3 X1089 —59 91.5 802 s mw 5570 
73.3 420 gs m Ww 4188 91.0 811 s 5579 
714 451 5 m w 4219 0+958+3 1089 89.9 830 mw 5598 
70.2 470 vw 4238 89.3 841 mw 5609 
68.3 502 s mw 4270 88.0 863 s mw 5631 
66.3 534 mw vw 4302 86.8 884 mw 5652 
64.9 557 s mw vw 4325 85.4 909 s 5677 
64.0 572 mw 4340 0+4>X1089 83.4 944 5 5712 
62.3 600 mw vw 4368 82.7 956 s 5724 
61.1 620 mw 4388 82.0 969 s mw 5737 











can easily see that the symmetry group of o-dichloro- 
benzene is the same in the two electronic states. 
These considerations also show that, if Hassel’s model 
is correct, the out-of-plane deviations of the Cl atoms 
are not very different in the two electronic states. 

For the convenience of the following discussions, we 
should define the coordinate axes for both molecules. 
For the ortho-compound (C:,) the z-axis is taken in the 
molecular plane bisecting the angle between the two 
C—Cl bonds. The molecular plane is denoted as the 
+z-plane. For the para-compound the z-axis is chosen 
perpendicular to the molecular plane, the y-axis passing 
through the two chlorine atoms. Then the symmetry 
notations used are the same as those given by Herzberg." 
_In o-dichlorobenzene, the electronic transition which 

"G. Herzberg, Infrared and Raman Spectra of Polyatomic 


Molecules (D. Van Nostrand Company, Inc., New York, 1945), 
Chap. IT, Sec. 3d. : 


is expected to produce a spectrum in the 2600 A region 
is the allowed A,— A; type with the transition moment 
in the z-direction. Also vibrations of 8;- or Bo-type may 
distort the benzene ring so that weak transitions may 
take place with their moments in the x- or y-directions, 
respectively. In the para-compound, the electronic 
transition with which we are concerned is the allowed 
A,—B;3, type with the transition moment in the 
x-direction. The “forbidden parts” in this spectrum are 
caused by f1,- or B2,-type vibrations with their transi- 
tion moments lying in the y- or z-directions, respectively. 


ANALYSIS AND DISCUSSION 
o-Dichlorobenzene 


The 36 232-cm™ band is chosen as the 0—O band. 
The pair of bands at 37 321=0+1089 and 35098 
=0—1134 cm™ gives fundamental frequencies arising 

































800 T. ANNO AND I. MATUBARA 
TABLE II. Absorption bands of p-dichlorobenzene. 
Wave- Wave Separation Wave- Wave I , Separation 
length numbers Intensity from 0,0 length numbers ntensity from 0,0 : 
in A in cm! 160°C 150°C 140°C band Assignments inA incm= 40°C 30°C 16.5°C band Assignments 
2933.6 34078 vw —1672 04.4 648 vw ew —102 0-86-16 
32.5 091 vw —1659 03.8 655 w vw -—95 0-—86-—9 
31.0 108 w —1642 03.1 664 ms =m mw —86 0-86 
28.8 134 w —1616 02.5 672 mw mw w —78 0-3 X26 
26.5 161 mw —1589 0—1589 01.7 682. mw —68 0—2X26—16 
23.6 194 m —1556 01.1 690 mw —60 0-—2X26-—9 
21.0 225 s w —1525 00.4 699 vs s m —51 O-—2X26 
19.1 247 vw —1503 2799.2 714 s vs =—56 0-2-9 
18.6 253 vs w —1497 98.4 724 es es s —26 0-26 
16.4 279 mw vw —1471 97.6 734 m w -—16 0-16 
13.3 315 mw w —1435 97.1 741 ~«s vs m -—-9 0-9 
11.5 337 mw —1413 96.4 750 es es vs 0 0-0 
10.3 351 w 1399 60°C 50°C 40°C 
150°C 140°C 130°C 92.9 795 mw ew 45 
08.6 371 mw vw —1379 92.2 805 w 55 
06.5 396 m vw 1354 90.9 820 m vwsoew 70 
05.6 406 w —1344 88.6 850 ms w vw 100 
03.8 428 m w vw —1322 87.1 869 m 119 
02.9 438 ms w —1318 86.9 872 m vw ew 122 
00.8 463 w —1287 85.1 895 mw ew ew 145 
2898.5 491 vs w —1259 84.1 908 mw ew 158 0+244—86 
97.8 499 mw —1251 81.7 939 m ew 189 04244 —2 X26 
96.1 519 es m w —1231 79.5 967 ms vw ew 217 0+331—86 —26; 
93.4 551 es m ms —1199 0+244 —26 
90.8 582 8 $ —1168 77.4 994 vs s mw 244 04331 —86; 0+244 
90.5 586 es s —1164 0—1164 76.1 36 o11 vw 261 hopin 
A mw -_ 
140°C 130°C 120°C 73.7 042° ” 292 O4a31 =. - 
88.5 610 vs s —1140 72.9 053 Ss Ss mw 303 O +331 —26 
86.5 634 es mw —1116 : 70.7 oi ee vs m pee ole “ 
85.3 648 vs w  —1102 0—1102 70.1 089 ms mw ew sites as 
84.2 662 vs —1088 0—755 —331 67.9 oo m . = oe ales —3: " 6 
83.3 672 es vs w  —1078 0—1078 6.5 149 5 mw vw +725 —33 
82°5 682 pol 1068 64.1 167 ew 417 04528 —86 —26 
81.0 700 ve —1050 63.6 174 ms mw_ ew 424 0+725 —247 —2 X26 
: ile =e 62.1 194 m mw = ew 444 04528—86 
76.6 753 es mw 997 0—755 —247 r Ww as Sidon <os 
om om — 303-230 s mow 480. 04725 —247 
110°C 90°C 80°C 57.6 253 vs m vw oe) 04528 —26 
69.5 839 mw vw 911 0-755 —86 —3 x26 —_— ose = Ss 6) 6|= 
67.7 861 m Vw —889 O0—755 —86—2 X26 55.1 286 vs m w 536 0+528 
65.7 885 m w vw —865 0—755—86—26 A , 
63.7 910 s mw w —840 0 —18$ —86 ‘. 50°C 40°C 30°C 
62.8 921 w w vw —829 0—755—3 X2 # 
7 a a7 3 gw ss 
60.6 947 ms mw w —803 O—755—2 X26 52.1 325 w ew 575 
58.7 971 vs m mw —779 0-755 —26 51.2 337 w ew 587 0+725 —86 —2 X26 
56.7 995 es ms m —755 0-755 50.1 352 mw ew 602 
55.8 35 006 vw —744 0-631 —86 —26 49.1 365 m vw ew 615 0+725 —86 —26 
53.5 034 s mw Ww —716 0-631 —86 47.8 382 ew ew 632 0+725 —86 —9 
51.3 061 ~vs m mw —689 O-—631 —2 X26 47.1 391 5s w w 641 0+725 —86 
48.7 093 s m —657 0-631 —26 46.6 398 m ew ew 648 0+725 —3 X26 
46.6 119 ms m —631 0-631 45.1 418 w w 668 0+725 —2 X26 —9? 
46.2 124 w —626 44.6 424 vs mw w 674 0+725 —2 X26 
44.1 150 vs s —600 0-486 —86 —26 43.3 442 w mw 692 0+725 —26 —9 
41.8 179 vs s —571 0-486 —86 42.7 450 es s ms 700 0+725 —26 
80°C 70°C 60°C 41.9 460 mw 710 0+725 —16 
41.4 467 mw mw 717. 0+725—9 
39.7 205 m —545 40.8 475 es s S 725 0+725 
39.3 210 mw w vw  —540 0-486 —2X26 38.9 500 m vw ow 750 0+1051 —247 —2 X26 
38.1 225 mw —525 36.8 528 sg w w 778 0+1051 —247 —26 
37.1 237 8 m vw —513 0—486—26 36.1 538 ew 788 0+1061 —247 —26 
35.9 252 ms w ew —489 O—2 247 34.8 555 vs mw mw 805 041051 —247 
34.9 264 vs ms w —486 0-486 34.3 562 mw vw ew 812 0+1061 —247 
33.9 277 s mw ew —473 0-331 —2 X26 —86 33.1 578 mw vw vw 828 
31.5 307 vs mw —443 0—331—26—86 32.3 588 mw vw vw 838 0+1051 —190 —26 
29.1 337 vs mw —413 0—331—86 31.4 600 w ew 850 aii iain 
le ms Vw Vw _ 
60°C 50°C 40°C 29.4 627 ms vw ew 877. 0+1051 —2 X86 - 
26.8 365 s mw w  —385 0-331-2X26 —a ee Se Se 
24.6 393 vs ms mw —357 O-—331 —26 27.6 651 m ew 901 0+1061 —86 —3 X26 
= _ ’ = = Same 4 27.1 658 s ew ew 908 0+1051 —86 —2 X26 
18.7 467 m mw —s 0 —247 —26 —9 40°C 30°C 16.5°C 
18.0 476 8 8 mw —274 0—247—26 : 86 —2 X26 
16.5 495 ms a. = 255 0-247 —9 25.8 676 ew ew ew 926 0+1061 —86 “2 
24.8 689 w w w 939 0+1051 —86 —2 
15.8 503 vs 8 mw —247 0-247 23.9 701 w w w 951 0+1061 —86 —26 
- - . 22.8 716 mw mw mw 966 0+1051 —86 
50°C 40°C 30°C 22.1 725 mw mw mw — 975 0-+1061—86; 
i il 0+1051 —3 X 
Cane re | Se 213. 736 vw vw vw 986 0+1061 —3 X26 
11.9 553 m 19 2 X86 —2 
= Pepe 20.4 748 m mw ow 998 0+1051 —2 X26 
11.3 560 mw vw ew 190 0—86—4 X26 
= 19.5 761 m m w 1011 0+1061 —2 X26 
10.4 572 m 178 
09.9 578 ms vw vw -—172 0-2 X86 18.5 774 +s s m 1024 0+41051 —26 
09.3 586 m ew ew —164 0-86 —3 X26 as pe s ms m pve OcLios! ey 
“ vw onal 
40°C 30°C 16.5°C 16.5 801 es vs ms 1051 0+1051 
08.3 ose 152 0~86—226—16 15.8 811 vs vs m 1061 0+1061 
° ew o, = ~* = °, °, °, 
07.2 612 w w vw 138 0—86—2 X26 so°C 40°C 30°C 
06.4 622 vw —128 0-86 —26—16 14.6 827 vw 1077 
05.8 630 vw —120 0—86—26—9 14.2 832 ms  w w 1082) 9 4 1989 
05.2 638 m mw w -—112 O-—86—26 13.7 839 ms w Ww 1089 

















Wave- W 
length nun 
inA in: 
12.1 
10.2 
09.4 
07.5 
06.0 
05.3 
04.4 
03.7 
03.1 
01.9 37 
01.3 
2698.4 
96.4 
94.4 
93.4 
92.4 
91.6 
90.1 
89.7 
89.4 
88.3 
88.0 | 
87.5 | 
86.6 
86.2 ; 
83.6 ; 
81.6 ; 
81.1 d 
79.2 : 
78.9 K 
77.4 K 
76.9 d 
75.3 K 
71.9 4 
71.1 4 
70.1 4 
69.2 4 
68.2 4 
67.8 4 
66.9 4 
65.9 5 
64.9 5 
64.0 3 
63.2 5 
61.7 5 
61.2 5 
60.5 5 
58.5 6 
58.2 6 
56.4 6 
55.7 6 
54.4 61 
53.6 6 
52.1 6' 
51.4 7( 
49.9 7. 
49.3 7: 
48.2 7: 
47.3 7¢ 
46.2 7 
45.2 7 
45.0 7S 
43.8 81 
42.9 82 
42.1 83 
41.2 85 
40.3 86 
39.3 87 
38.8 88 
37.1 90 
36.7 91 
35.4 93 
34.8 94 
33.1 96 
31.1 99 
30.4 3800 
29.4 02 
28.2 03. 
26.6 06 
25.9 07 
24.3 09: 
23.8 10 
22.0 12 
20.8 14: 
20.3 15: 
19.8 15¢ 
18.5 178 
17.7 19% 
16.8 20: 
15.7 21¢ 
14,7 234 
14,2 241 
13.8 247 





i] 
imal 


COoOMmMamDMmDmmmmononononowvnsocoooooeo 
ee ee Se es OF See Ser we oe Se Se Os 0 Se oe ie Oe 
KFADNAMUOWKL NIK ALS EE PWOR AIP wW 








UV SPECTRA OF o- 





TABLE IIl—Continued. 


AND p-DICHLOROBENZENE VAPORS 








Wave- 
length 


inA 


Intensity 


Separation 
from 0,0 


40°C 30°C band 


Assignments 


50°C 


Intensity 
40°C 30°C band 


Assignments 





06.0 


vw 
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Vw 
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ew 
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Ww 
ew 
ew 
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mw 
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Vw 
ew 
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mw 


ew 
Vw 


ew 


Vw 
ew 
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1816 
1826 
18 


1912 
1923 
1945 


1954 
1976 


1985 





0+1051 +331 —247 —26 
0+1051 +331 —247 
0+1061 +331 —247 
0+1051 +331 —190 —26 
0+1051 +331 —190 
0+1061 +331 —190 
0+1461 —247 


0+528 +725 —26 


0+528 +725 


0+1051 +331 —86 
0+1051 +331 —2 X26 
0+1051 +331 —26 
0+1061 +331 —26 
0+1051 +4331 
0+1061 +331 


0+1461 —2 X26 


0+1461 —26 
0+2 X725? 
0+1461 


0+528 +1061 —86 
0+725 +1051 —247 
0+528 +1061 —2 X26 


0+528 +1061 —26 


0 +528 +1061 


0+725 +1061 —2 X86 
0+725 +1051 —86 —26 
0+725 +1061 —86 —26 
0+725 +1051 —86 
0+725 +1061 —86 
0+725 +1061 —3 X26? 
0+725 +1051 —2 X26 
0+725 +1061 —2 X26 
0+725 +1051 —26 
0+725 +1061 —26 
0+725 +1051 

0+725 +1061 


0 +1089 +725 
0+2 X1051 —247 —26 


54 
1858 0+2X1051 —247 
1884) 
1894 


0+528 +1061 +331 —26 


0+528 +1061 +331 
0+1051 +1061 —86 

—3 X26 

0+2 X1051 —86 —2 X26 
0+1051 +1061 —86 

—2 X26 

0+2 X1051 —86 —26 
0+1051 +1061 —86 —26 
0+2 X1051 —86 
0+1051 +1061 —86 


0+2 X1051 —2 X26 
0+1051 +1061 —2 X26 
0+2 X1051 —26 
0+1051 +1061 —26 
0+2 X1051 

0+1051 +1061 


0+1089 +1051 
0+1461 +725 —26 


0+1461 +725 

0+1051 +725 +528 —86 
0+1051+725 +528 

—2 X26 

0+1061 +725 +528 

—2 X26 

0+1051 +725 +528 —26 
0+1061 +725 +528 —26 
0+1061 +725 +528 


0+2 X1051 +331 —86 
0+2 X1051 +331 —3 X26 
0+2 X1051 +331 —2 X26 


0+2 X1051 +331 —26 
0+2 X1051 +331 
0+1051 +1061 +331 


0+1461 +1061 —2 X26 
0+1461 +1051 —26 


0+1461 +1061 —26 
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2510 0+1461+1051 


} 0+1461 +1061 
2551 0+725+2 1051 —247 —26 
2575 


0+725 +2 X1051 —247 
0+528 +1051 +1061 


0+725 +1051 +1061 
—86 —2 X26 

0+725 +1051 +1061 
—86 —26 

0+725 +1051 +1061 —86 
0+725 +2 X1051 —2 X26 
0+725 +2 X1051 —26 
0+725 +1051 +1061 —26 
0+725 +2 X1051 

0+725 +1051 +1061 


0 +1089 +1051 +725 


0+3081 —86 
0+3081 —3 X26 


0+3081 —2 X26 
0+3081 —26 


0+3081 
0+3 X1051 —2 X26 


0+3 X1051 —26 

0+1061 +2 X1051 —26; 
0+1089 +2 X1051 —2 X26 
0+3 X1051 

0+1061 +2 X1051; 
0+1089 +2 K1051 —26 


0+1089 +2 X1051 
0+1461 +1061 +725 —26 
0+1461 +1051 +725 


0+1461 +1061 +725 


0+725 +528 +2 X1051 
—3 X26 
0+725 +528 +2 X1051 
—2 X26 


0+725 +528 +2 X1051 —26 
0+725 +528+2 X1051 


0+1461 +2 X1051 —26 
0+1461 +1061 +1051 


0+725+3 X1051 


0+4 X1051 

0+3 X1051 +1061 
0+1461 +725 +2 
1051 —26 

0+1461 +725 +2 X1051 
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TABLE II—Continued. 








Wave- Wave , Separation 
length numbers Intensity from 0,0 
in A incm= 60°C 50°C 40°C _ band Assignments 

91.1 131 w 4381 
90.9 134 w 4384 
83.8 249 w 4499 
82.8 265 w 4515 
80.6 301 w 4551 
78.9 328 w 4578 0+1461+3 X1051 —26 
77.0 359 w 4609 0+1461+3 X1051 
75.7 380 w 4630 0+1461-+1061 +2 X1051 
72.2 438 w 4688 
71.7 446 vw 4696 
70.6 464 w 4714 
66.9 524 vw 4774 
65.7 544 vw 4794 
64.2 569 w 4819 
62.6 595 w 4845 
61.2 618 w 4868 
60.8 625 vw 4875 
58.3 666 w 4916 0+4X1051+4+725 
56.6 694 w 4944 0+4+3 1051 +1061 +4725 
55.1 719 vw 4969 
50.6 794 vw 5044 
50.0 804 vw 5054 
49.0 821 vw 5071 
47.3 849 vw 5099 
46.8 857 vw 5107 
46.1 869 vw 5119 
40.8 958 ew 5208 
39.8 975 ew 5225 
38.7 993 ew 5243 
35.2 41052 ew 5302 
34.0 072 ew 5322 
32.3 101 ew 5351 
31.5 114 ew 5364 
30.3 135 ew 5385 
28.3 169 ew 5419 
26.5 199 ew 5449 








from the same vibration in the upper- and in the lower- 
electronic states of the molecule, which can be identi- 
fied with the 1129-cm~ Raman frequency assigned to a 
totally symmetrical vibration.’ The progression with a 
1089-cm—! interval starts from all stronger bands. 
Considering the fact that the 992-cm™ ground-state 
benzene frequency drops by 7 percent in the upper 
state,!? the above correlation is justified by the resulting 
4 percent drop of frequency and it is also confirmed that 
these frequencies are of a totally symmetrical ring 
vibration. Similarly another pair, 35 195=0—1037 and 
37 190=0+958 cm™ may arise from a totally sym- 
metrical carbon vibration. The band at 37 718=0+ 1486 
cm~! may also be due to a totally symmetrical carbon 
vibration in the upper state, although the ground-state 
counterpart is not observed. Raman frequencies corre- 
sponding to these fundamentals are 1039 and 1575 cm, 
respectively. The C—Cl stretching frequency in the 
ground state appears clearly in the band at 35570 
=0—662 cmq, the corresponding Raman value being 
659 cm, There is an ambiguity in deciding the corre- 
sponding upper-state frequency, since two bands 36 842 
=0+610 and 36872=0+640 cm™ appear rather 
strongly and the progression with a 1089-cm™ interval 
starts from either band. We tentatively take the 
stronger 36 842 cm“ one and interpret the 610 cm“ 
as the upper-state frequency. Another totally sym- 
metrical vibration frequency is given by the band 
pair 36 427=0+195 and 36006=0—226 cm. This 
may be identified with the 240-cm~ Raman frequency. 


—_—_—_—_——_—_ 


12 Sponer, Nordheim, Sklar, and Teller, J. Chem. Phys. 7, 207 
ing - F. M. Garforth and C. K. Ingold, J. Chem. Soc. 
, 417. 
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A relatively weak band at 36 669=0+437 cm™ may 
give the frequency of a nontotally symmetrical vibra- 
tion forming the forbidden part of the spectrum. We 
refrain from interpreting the 35 729=0—503 cm™ band 
as giving the corresponding ground-state frequency, as 
no Raman shift with this frequency is observed. We 
may alternatively choose the 469-cm~! Raman fre- 
quency as the ground-state value, which is assigned toa 
B,-type vibration,’ although this frequency could not 
be observed on our plates, since the corresponding 
region is crowded with other broad and strong bands. 

The bands at 35 796=0—436 and 36539=0+307 
cm~! give the ground- and the excited-state frequencies 
of a fundamental vibration, corresponding to the Ra- 
man frequency of 428 cm™ assigned to an ae- or a 
Be-type vibration.’ The band at 35 905 cm“, relatively 
strong in this region, has a separation from the 0—0 
band of 327 cm, which may be identified with the 
333-cm™! Raman value assigned to a 6,-type vibration.’ 
The corresponding upper-state frequency could not 
be found. The 1089-cm™ progression also starts from 
this band. 

On the red side of each of the aforementioned stronger 
bands, satellite bands appear with frequency separa- 
tions of 24 and 59 cm~. These separations are certainly 
the result of the superposition of v—v transitions of 
nontotally symmetrical vibrations, although their 
detailed interpretations cannot be given. 

One thing should be mentioned about the structure 
of the o-dichlorobenzene molecule. In this molecule two 
chlorine atoms lie so close to each other that a repulsive 
force between them is expected. From our vibrational 
analysis of the spectrum it is apparent that the molecule 
has the same symmetry in the two electronic states. 
In the A,;—A, electronic transition of the C2,-model, 
transitions involving an a2-type vibration are forbidden. 
This type of vibration goes over into an a@ type in the 
C2-model, and the transition involving it is allowed in 
the A—A electronic transition. The only vibration 
assigned to the az type in the C2,-model is of the 153- 
cm! frequency.’ Therefore, if a band with this fund- 
amental frequency appears in the spectrum, the C2- 
model for this molecule should be excluded. Unfortu- 
nately it is impossible to ascertain the band with the 
153-cm—! frequency, since many strong bands cluster in 
the corresponding region. The 36 324-cm™ band on the 
violet side of the 0Q—O band gives the frequency sepa- 
ration of 92 cm™, which we cannot interpret appro- 
priately. However, if it were the excited-state frequency 
corresponding to the 153-cm™ ground-state value, we 
could give support to Hassel’s C2-model. Moreover, it 
may be noted that the frequency difference 153-92 =61 
cm=! would explain the 59-cm™ shifts of satellites from 
the main bands. 


p-Dichlorobenzene 


The 35 750-cm— band is taken as the 0—0 band. The 
pair of bands at 34 648=0—1102 and 36 801=0+ 1051 
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cm~! gives fundamental frequencies in the ground and 
in the excited state, respectively, to which a polarized 
Raman line with 1108-cm™ shift corresponds. The 
1051-cm™ frequency appears in progressions starting 
from all stronger bands. The resulting frequency drop 
of 5 percent in the excited state shows that this fre- 
quency is of a totally symmetrical ring vibration. In 
the Raman spectrum, strong polarized lines with shifts 
of 330, 750, and 1575 cm™ are reported. Correspond- 
ingly, in uv absorption, bands shifted from the 0—0 
band on the red side by 331, 755, and 1589 cm™ are 
observed. While the 725 and 1461/66 cm~ excited-state 
frequencies undoubtedly correspond to the 755 and 
1589 cm ground-state frequencies, respectively, it is 
difficult to interpret the observed 331-cm™ excited-state 
frequency as corresponding to 331 cm™ of the ground 
state, because then no frequency drop occurs. From its 
magnitude this vibration appears to be a benzene ring 
deformation vibration.” However, as the inplane de- 
formation-force constant of benzene is known to de- 
crease considerably in the excited state causing the 
frequency to drop by 10 percent or more,'* we had 
better choose the 35 994=0-+ 244-cm™ band as giving 
the upper-state frequency of this vibration and inter- 
pret the 331-cm™ separation on the violet side of the 
0—0 band as the two-quanta combination of some un- 
known vibration whose single excitation is forbidden. 
The 34 586=0—1164-cm™ band may give the ground- 
state fundamental which is correlated to the 1061-cm~ 
upper-state frequency, to which a_polarized-weak- 
Raman line 1172 cm™ assigned to a CH inplane defor- 
mation vibration corresponds. 

A depolarized-Raman line 630 cm™ is reported. In 
uv absorption a relatively strong band is observed at 
35 119 cm™ separated by 631 cm from the 0—0 band. 
The corresponding upper-state frequency is 528/36 
cm, This vibration may be of a #1, type causing the 
appearance of the forbidden part of the spectrum. The 
606-cm— ¢,+-benzene vibration splits in this molecule 
into an a, and a $y, component by the removal of 
degeneracy caused by the reduction of symmetry from 
Ds, to V;. Then the 631-cm—! ground-state frequency 
may be the (i, part of this splitting, and the a, part 
may be the 331-cm™ ground-state frequency previously 
described. It is interesting that the bands containing 
528/36-cm—! and 1461/66-cm~ frequencies appear in 
doublets with the lower-frequency heads being stronger. 
We have used the stronger heads in our analysis. 

The band 36 839=0+1089 cm is also double as 
observed at reservoir temperatures higher than 16.5°C 
with a satellite on the red side at 7 cm~ distance. Similar 
doublets are found at 37 559/66 and 37 878/85 cm-, 
the separations from the 0Q—0 band being 1809/16 and 
2128/35 cm-, respectively. These shifts are interpreted 
as 1082/89+-725= 1807/14 and 1082/89+ 1051 = 2133/ 
40 cm™, respectively, although 1082/89 cm- remains 


"Garforth, Ingold, and Poole, J. Chem. Soc. 1948, 508. 
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Fic. 2. Absorption bands of p-dichlorobenzene vapor. 


unassigned. If it were a fundamental, it must be a CH 
inplane-deformation vibration. Another possibility is 
to interpret it as the first overtone of a vibration whose 
single excitation is forbidden. 

Another doublet is observed at 38 831/40=0+3081/ 
90 cm™ which may give the excited-state frequency 
corresponding to the ground-state frequency 3072 cm 
given by the Raman effect. This can be assigned to a 
CH-stretching vibration frequency which is considered 
to increase in magnitude in the excited state as in the 
case of the benzene molecule.” 

Satellites accompanying prominent bands involve 
mostly the shifts of 26 and 86 cm™ or their combina- 
tions. Other satellites with shifts of 9 or 16 cm™ are 
also found to accompany sharper and stronger bands. 


STRUCTURE OF THE p-DICHLOROBENZENE 
MOLECULE IN THE 8B;, EXCITED STATE 


As discussed above, the symmetry of the p-dichloro- 
benzene molecule is the same both in the ground- and 
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Ce TABLE IIT. Calculated values of C—Cl stretching-force 
constant (in 10° dyne/cm). 
from v2 from »; 
C Ground state 2.76 2.900 
Excited state 3.00 4.26 
CH ici 


Fic. 3. Vibrational 
mode of ve. 


in the excited-electronic states. Then, what changes in 
the interatomic distances and bond angles will be 
brought about by the electronic excitation in this 
molecule? . 

We have calculated four a, skeleton-vibration fre- 
quencies of p-dichlorobenzene in the two states, assum- 
ing the simple valence-force field, in which the benzene 
ring is considered as a six-particle system. The ay, (992 
cm in the ground state and 923 cm in the excited 
state) and the e,+-(606 cm in the ground state and 
521 cm“ in the excited state) benzene frequencies are 
used to determine the stretching and inplane-deforma- 
tion-force constants of the ring. These constants are 
carried over into p-dichlorobenzene and the equation 
for determining the four a, skeleton frequencies is set 
up including the C—Cl stretching-force constant as a 
parameter. Putting into this equation two sets of 
observed totally symmetrical vibration frequencies, 
ve (1102 cm™ in the ground state and 1051 cm" in 
the excited state) and v3 (755 cm™ in the ground state 
and 725 cm in the excited state), the C— Cl stretching 
force constant is obtained as given in Table III. 
While calculated values in the two columns agree fairly 
well for the ground state, the agreement is very poor 
for the excited state, but we may say at least that the 
C—Cl stretching-force constant increases in the upper 
state. The disagreement for the excited state is not due 
merely to the assumption of the simple valence-force 
field, since the values for the ground state agree fairly 
well. In the valence-bond language, the resonance con- 
tributions from parts of the molecule other than the 
benzene ring become much more important in the ex- 
cited state than in the ground state. From this argu- 
ment we see that the carrying over of the benzene force 
constants into p-dichlorobenzene is not a good approxi- 
mation for the excited state, though it is fair for the 
ground state. 

Badger’s relation with these values of the force 


4 R. M. Badger, J. Chem. Phys. 2, 128 (1934) and 3, 710 
(1935). 


constant would give the change of the C—Cl distance 
in this molecule, but a quantitative conclusion cannot 
be reached owing to the unreliability of the change of 
the force constant. We can only say that the C—C| 
distance decreases by the electronic excitation. With 
regard to the change of the C—C bond length by the 
electronic excitation, it is assumed to be the same as in 
the case of benzene. This amounts to the assumption 
that the benzene force constant can be carried over to 
the p-dichlorobenzene molecule, since the bond length 
is uniquely determined by the bond stretching force 
constant for a particular pair of atoms."*:!5 

Let us now consider the possibility of determining 
the molecular structure of p-dichlorobenzene in the 
excited state by Craig’s method.'* The totally sym- 
metrical deformation of the molecule, assuming single 
mass points for the CH-groups, may be expressed by 
four q’s (q is the difference of normal-coordinate origins 
in the ground- and in the excited-electronic states) 
corresponding to four totally symmetrical skeleton 
vibrations. According to Craig’s formula" the intensity 
distribution does not depend upon the sign of q,'* so that 
the number of possible models for the excited molecule 
consistent with the experimental intensity distribution 
is 2‘= 16. But it makes no difference as to which of these 
16 models should be used. Therefore Craig’s method is 
not helpful for determining the structure of this mole- 
cule in the excited state. However, the fact that the 
only progression-forming frequency is 1051 cm sug- 
gests that the difference between the molecular struc- 
tures in the two electronic states is mainly determined 
by the difference of the normal-coordinate origins of 
this vibration. The calculated mode of this vibration 
is shown in Fig. 3. It is interesting to see in this figure 
that when the benzene ring expands (elongations of 
C—C bonds are not all equal) the C—Cl bonds con- 
tract. Therefore, if the C—C bonds stretch by the 
electronic excitation as in the case of the benzene 
molecule, the C—Cl bonds must contract in the upper 
state. This is in agreement with the conclusion reached 
from the change of the force constant. 

The authors express their hearty thanks to Professor 
S. Imanishi and Dr. Y. Kanda for reading the manu- 
script and for many valuable suggestions and dis 
cussions. 

15 C, H. Douglas Clark, Phil. Mag. 18, 459 (1934) and H. S. 
Allen and A. K. Longair, Nature 135, 764 (1935). 

161), P. Craig, J. Chem. Soc. 1950, 2146. 

17 See Eq. (6) in reference 16. 


18 Tt is not clearly shown in Craig’s paper that the change of 9 
should be considered as the ring expansion. 
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The proton magnetic resonance of water has been examined in the presence of various concentrations of 
different diamagnetic salts. The observed shifts of the resonance frequency relative to that of pure water 
are interpreted in terms of the breakdown of the hydrogen-bonded structure of water and the ability of the 
ions to polarize the water molecules. The concentration dependence of the shifts for the multivalent elec- 
trolytes indicates cation-anion interactions at higher concentrations. The quite narrow single line observed 
for all but the Al+*+*, Be**, and the very concentrated ZnCl: solutions shows that in most cases the proton 
exchanges faster than 10‘ times per second. The magnetic field dependence of the line width in the AIC]; 
solution indicates that a rate of exchange of the proton of about 10? times per second is responsible for the 
broadening, while in the ZnClz and BeCl: solutions the high viscosity appears mainly to be responsible for 
the increased line width. The fluorine magnetic resonance studied at several concentrations in KF solutions 
provides further information about the solvent-ion interaction. 





INTRODUCTION 


T has by now been well established!” that the nuclear 

magnetic resonance frequencies depend on the 
electronic environment of the nucleus due to the mag- 
netic shielding by the electron cloud. The distribution 
of electrons around a given element changes from one 
compound to another depending upon the nature of the 
bonding to the rest of the molecule, and this change in 
electron density varies the effective magnetic field at 
the nucleus. Since the nuclear-precession frequencies are 
proportional to the effective field at the nucleus, shifts 
in the resonances are found. 

The electron distribution around a given nucleus 
can, however, also be changed by external forces which 
perturb the molecule. These forces must be reasonably 
strong before their effect can be detected by present 
methods as a shift in the resonance frequency. Ex- 
amples of such relatively strong perturbations are the 
dipole-dipole interactions which manifest themselves 
in the formation of hydrogen bonds, and the large elec- 
trostatic fields in the neighborhood of ions which 
polarize the surrounding dipoles. The former case has 
previously been discussed by several investigators* 
and the present paper is concerned with the effect of 
various ions on the magnetic shielding of protons in 
water molecules. 

The ions in aqueous-electrolyte solutions not only 
polarize the surrounding medium but also, in the process 
of being solvated, break down the hydrogen-bonded 
hetwork of water molecules. The shift which is ob- 
served should therefore be the result of the combined 
efiect of these two factors. However, the polarization 





N. F. Ramsey, Phys. Rev. 78, 699 (1950); 76, 243 (1952). 

aos) Meyer and H. S. Gutowsky, J. Phys. Chem. 57, 481 
53). 

ast) Arnold and M. E. Packard, J. Chem. Phys. 19, 1608 
51). 

*R. A. Ogg, J. Chem. Phys. 22, 560 (1954). 


effect by its strong dependence on the size and charge 
of the ion ought to be differentiable from the hydrogen- 
bond-breaking effect, which probably, depends to a 
small degree only on the size of the ion. 

The attraction between the solvent and the electro- 
lyte for some ions is strong enough so that a complex 
can be identified in solution. A well-known example is 
that of the Crt** ion where it has been possible to 
measure the exchange rate of the complexed water 
molecules in the solution. Since nuclear magnetic- 
resonance experiments also allow life times of molecules 
to be determined for times which are shorter than has 
been accessible by previous techniques, less stable com- 
plexes should be identifiable. 


EXPERIMENTAL 


The proton magnetic-resonance shifts relative to 
pure water were measured for a number of salt solutions 
at a frequency of 30 megacycles in a field of approxi- 
mately 7050 gauss. The instrument used was a Varian 
Associates V-4300 high-resolution spectrometer in 
conjunction with a 12-in. electromagnet system. With 
this instrument, it was possible to obtain line widths 
of only a few cycles except in a few cases where the 
“natural” line width was greater. Consequently, it was 
possible to measure the shift relative to pure water for 
most of the samples to within one cycle, as evidenced 
by the statistics. Possible systematic errors which might 
have influenced the results are random-field fluctuations 
and slow-field drift, both of which were eliminated by 
the procedure described in the following. 

Both of the aforementioned systematic errors can be 
eliminated by comparing the resonances for the electro- 
lyte solutions and pure water, (1) at the same instant 
and (2) in essentially the same magnetic field. The 
second condition can be met by separating the sample 
and the reference substance by a thin-glass membrane 
across the 5-mm pyrex-glass tubing used as a cell in the 
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receiver coil of the sensing head, or “probe,” of the 
spectrometer. Two resonances are observed which are 
separated in time on the oscilloscope trace as the mag- 
netic field is swept slowly through the region of reso- 
nance. The problem is to observe a response from both 
samples at the same instant. This is done by introducing 
an audio-frequency oscillating component to the sweep 
field at exactly the frequency separation of the two 
resonances. The oscillating field behaves as if it were a 
frequency modulation of the Larmor-precession fre- 
quency of the nuclei, resulting in a central resonance 
and a symmetrical group of evenly spaced “sideband”’ 
resonances. When the carefully calibrated oscillator is 
adjusted to the exact frequency separation of the two 
resonances, the sideband of each resonance superim- 
poses upon the fundamental of the other and a pair of 
lines of maximum height and sharpness results. Using 
this criterion one can reset the oscillator within a few 
tenths of a cycle when the resonances are narrow. 

The glass in or near the membrane can distort the 
magnetic-flux pattern which, in the.case of an im- 
perfectly-symmetrical sample cell, results in a de- 
pendence of the observed shift on the orientation of the 
cell. This difficulty was resolved by rotating the cell in 
a Teflon bearing at a speed great enough to average 
out the inhomogeneity due to the cell asymmetry.® 
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Fic. 1. Positive proton shifts in aqueous electrolyte solutions as 
a function of concentration. 


5 F. Bloch, Phys. Rev. 94, 496 (1954). 
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Fic. 2. Negative proton shifts in aqueous electrolyte solutions as 
a function of concentration. 


A speed of several hundred rpm was adequate and 
could be attained with a small air turbine. 

Two samples located on opposite sides of a partition 
cannot be regarded as being in exactly the same field if 
gradients exist in the magnetic field. To minimize this 
effect, a slightly more complex procedure was followed. 
A third substance, acetone, was chosen as a reference 
compound and was sealed in the lower half of the cell. 
Measurements of the shift of the proton resonance 
relative to this standard were made for pure water. 
The cell was then rinsed and filled with the electrolyte 
solution being studied and the shift measured again. 
Subtracting the two measured values gave the shift of 
the electrolyte relative to pure water, and any effect 
due to the difference in field on opposite sides of the 
membrane was cancelled out. 

Line widths were measured at both 30 megacycles 
and 3 megacycles for several of the solutions. In each 
case, the measurements were made by recording with 
a Sanborn fast-writing recorder the envelope of the 
absorption lines as the field was swept slowly through 
them. The sweep rate was calibrated by introducing a 
60-cycle modulation frequency and recording the car- 
rier and first sideband resonances of a sampie of pure 
water. The separation of consecutive peaks on the trace 
was then exactly 60 cycles, and the sweep rate in milli- 
gauss per inch on the chart could be determined. 

The salts used were of commercial cp grade. They 
were dissolved in water and their concentrations wert 
determined by standard microchemical analysis to an 
accuracy of 0.1 mole per liter. 


RESULTS 
The shifts 6 of the proton resonances for the various 
electrolyte solutions are presented in Figs. 1 and 2, 
and are also recorded in Table I, where 6 is defined 


here as: 
6=10'X (Hy,0— Hsampte)/Hy,o. 


The shifts reported correspond to the displacement of 
the observed proton peak from that of pure water 4 











room ter 
are founc 
Inallc 
with a fie 
the 27 M 
line widt 
for pure 
three exc 
megacycl 
The on 
studied w 
ina 12 ] 
4-MFK s 


E} 


An inst 
has been 
protons | 
would be 
protons n 


7 


Compou: 


NaClO, 


NaClO, 
KI 

Nal 
Nal 
NaNO; 
NaCl 
BaCl, 
LiBr 
LiBr 
LiCl 
LiCl] 
CaBre 
CaBre 


NaOH 
MgCle 
La(NO;) 
La(NO;) 
ZnSO, 
HCl 

HCl 

Al: (SOx), 
Al(NOs); 
AICI, 
Be(Ni Os): 
BeCl, 
HgCl, 


—_— 


* The 8’s repo 





at 








NUCLEAR RESONANCE IN CONCENTRATED ELECTROLYTES 


room temperature. Both positive and negative shifts 
are found. 

In all cases a single line is observed near 30 megacycles 
with a field of about 7050 gauss. For all solutions except 
the 27 M ZnCls, the Al***, and the Be** solutions, the 
line widths were not noticeably broader than the one 
for pure water. In Table II the line widths of these 
three exceptional solutions are recorded at 30 and 3 
megacycles and included also are their viscosities. 

The only ion whose nuclear magnetic resonance was 
studied was fluoride ion. The 6 value of the fluoride ion 
in a 12 MKF was found to be —16.7 relative to a 
4-MFK solution. 

DISCUSSION 


Effects Contributing to Proton Shifts 


An instantaneous picture of water in which a salt 
has been dissolved would yield at least three types of 
protons experiencing different interactions. There 
would be protons in the neighborhood of positive ions, 
protons near negative ions, and protons relatively far 


TABLE I. Shift of proton resonance in water 
with addition of electrolyte. 
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Compound (moles/1) (moles/1000 g HO) 68 


NaClO, 4.0 4.9 
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Nal 4 
Nal 8 
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* The 4’s reported are the average of at least 3 different measurements. 
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TABLE II. Half-width of absorption lines at room temperature at 
two different frequencies; also, the viscosity of the solutions. 











Solution 3 mc 30 mc Viscosity 
pure H,O 12 cycles 12 cycles 1.0 cp 
2.5 M AICI; 15 cycles 27 cycles 8.3 cp 
12.5 M ZnCl 24 cycles 25 cycles 1100 cp 
3.8 M BeCle 35 cycles 37 cycles 240 cp 








away from any ion and therefore nearly in the same 
state as in pure water. A water molecule near a positive 
ion would have, on the average, the oxygen pointed 
toward the ion. Considering the water molecule as a 
polarizable charge distribution, the electrons would be 
shifted to make it less probable to find them on the 
hydrogen atoms and more probable to find them on the 
oxygen. On the other hand, the proton would be at- 
tracted to an anion and the electrons would be repelled 
so that again they would more likely be found on the 
oxygen atom. Thus, in the neighborhood of both types 
of ions the water molecule is polarized such that, on the 
average, fewer electrons will be found on the protons 
and, therefore, less shielding of the nucleus from an 
external magnetic field is expected if this mechanism is 
valid. 

In addition to polarizing the water molecule, the 
ions also break down the hydrogen-bonded structure of 
water. If the picture in the previous paragraph is 
adopted, an approximately tetrahedrally-coordinated 
water molecule has at least one hydrogen bond broken 
when it comes into contact with an ion. Since each ion is 
surrounded by approximately six water molecules, a 
considerable number of hydrogen bonds are ruptured 
in a one-molar salt solution, and this effect on the elec- 
tron distribution must be taken into account. The 
effect might be estimated from an experiment in which 
the shift in the proton resonance of steam relative to 
that of water is measured. The result of breaking hydro- 
gen bonds is to shield the proton more thoroughly from 
the external magnetic field. This effect is opposite to 
the polarization induced by the ions and can qualita- 
tively be explained as follows: In separating two water 
molecules the mutually induced dipoles are removed. 
Thus, the electron density in the neighborhood of the 
proton is increased. In addition, a change in the asym- 
metry of the electron distribution around the proton 
nucleus could also contribute to the greater shielding. 
However, effects of the latter type were not found neces- 
sary to introduce to explain the results of this paper. 


Application to the Experimental Results 


The uni-univalent electrolytes consisting of relatively 
large ions mainly break down the hydrogen-bonded 
network of water and their polarization of the water 
molecules is less important as indicated by their nega- 
tive shifts. On the other hand, the multivalent ions 
predominantly polarize the water and hence show posi- 
tive shifts. It can further be observed that the smaller 
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the ion and the higher its charge, the larger the polariza- 
tion or positive shift becomes. Thus, NaI has a more 
positive shift than KI and similarly NaCl with respect 
to Nal. The introduction of the smaller Lit and 
especially of F~ in the alkali-halide series causes a very 
significant increase in the polarization. The resonances 
from the doubly-charged alkali-earth ions Be+*+, Mg**, 
Ca**+, and Ba** are in the order one would expect from 
their relative diameters. The triply valent, small Al*+* 
ion gives a larger positive shift than the bigger Lat+*++ 
ion. All of this suggests that it is possible to assign to 
each ion a value representing its contribution to the 
shift in the proton resonance. 

The HCl and NaOH solutions are special cases since 
these hydrogen containing ions can exchange with the 
protons of the water. The acid was studied to determine 
that hydrolysis of the ions has a negligible effect on any 
of the measurements made. The acid and base results 
were also compared with previous values.® The shifts 
for HCl were found to be slightly larger while the 
NaOH data agreed within experimental error. It is 
interesting to note that for the alkalimetal bases the 
order of the shift is reversed from the ones found for 
their salts just as in the case of the activity coefficients. 

HgCle was studied to determine that a weak salt 
would not show a measurable shift. 


Concentration Dependence 


The concentration dependence of the shift of the 
univalent electrolytes indicates that as the concentra- 
tion of the electrolyte is increased a smaller number of 
hydrogen bonds will be ruptured per ion added. This 
phenomenon should begin to occur when the concentra- 
tion of salt is so high that there are, on the average, 
only 6 to 8 water molecules per ion. A further addition 
of salt would require that some water already partially 
freed from its hydrogen-bonded neighbors and attached 
to ions would solvate the newly added salt. This sharing 
of water molecules between ions should start for uni- 
univalent electrolytes somewhere around 4 M and up 
to that point the shift should be linear with concentra- 
tion. It is unfortunate that due to the small magnitude 
of the shifts, they could not be determined with suffi- 
cient accuracy in that concentration region. However, 
both for NaI and NaClO, above 5 M, the concentration 
dependence of the shift becomes markedly smaller. 

The concentration dependence of the shift due to the 
polarization part alone can also be considered to be 
linear up to about 4 M for uni-univalent electrolytes 
and up to 1 M for all the salts studied. In order to ex- 
plain a linear concentration dependence the polarization 
effect cannot extend appreciably beyond the first layer 
of water molecules around an ion. If there were a large 
overlapping of the polarizing effect of ions, the shift 
would be nonlinear at low concentrations. Again the 
experimental evidence for the behavior of the shift at 


6 H. S. Gutowsky and A. Saika, J. Chem. Phys. 21, 1688 (1953). 
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low concentrations is difficult to obtain. However, in 
the KF solutions the shift is linear within experimental] 
error up to the highest concentration studied and in the 
CaCl, and CaBrz solutions the concentration de- 
pendence of the proton shift is almost linear up to quite 
high concentrations. There is a small downward curva- 
ture of the shift versus concentration which could be 
explained by polarization of water molecules beyond the 
first layer or by the formation of ion pairs, the latter 
probably having the more pronounced effect. In the 
MgCle, ZnBre, and ZnCles solutions, the effect is con- 
siderably magnified. In the 27-M solutions of the latter, 
where there are almost as many ions as there are water 
molecules, cation-anion contacts contribute to the 
saturation effect of the shift with concentration. Equi- 
librium constants for the formation of ion pairs have 
been determined for the zinc halides.” When the prob- 
ability of ion-ion collisions becomes quite high such 
ion pairs, or higher clusters of ions, can be considered as 
dipoles and higher multipoles which do not have as 
strong a perturbing effect on the electron cloud of a 
water molecule as the separate ions would. The polar- 
ization per water molecule must always increase with 
concentration but less rapidly so in these cases at higher 
concentrations. 

Superimposed on the shift due to the polarization is 
the shift due to hydrogen-bond breaking which changes 
oppositely with concentration. Thus, for example, the 
linear dependence obtained for KF does suggest the 
possibility of some small amount of ion-pair formation 
at the highest concentrations. The LiCl! solution curves 
slightly upward suggesting that there is less ion-pair 
formation. Other factors which could cause a decreasing 
shift with concentration are (1) the nonlinearity of the 
polarizability of a water molecule with the increased 
electric field it experiences as the concentration in- 
creases and (2) the increase in the bulk diamagnetic 
susceptability of the solutions with concentration. 

It is difficult to disentangle all these effects ; however, 
it seems reasonable to conclude that ion-cluster forma- 
tion accounts, at least partially, for the concentration 
dependence of the shift. Precise measurements of the 
index of refraction of aqueous electrolytes® also give an 
indication of ion pair formation at higher concentra- 
tions in those cases where it is also expected from 
nuclear magnetic resonance experiments. The constancy 
of the polarizability of an ion with concentration can be 
used as a criterion for normal behavior where an ion is 
mainly surrounded by water molecules. When ion-ion 
collision frequencies become high, deviations of the 
effective polarizability of an ion from a constant value 
must be expected due to the largely different perturbing 
forces. Of those solutions which show a positive shift, 
only the KF and CaCl, solutions can be compared, 
and both show deviation from a constant polarizability, 


7 Sillen and Liljequist, Svensk Kem. Tidskr 56, 85 (1944). 
8 C. J. F. Béttcher, Rec. Trav. Chem. 39, 65 (1940). 
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while all the other solutions have a comparatively con- 
stant value. For CaCls, Béttcher’s calculated polariza- 
bility shows the largest deviation from constancy, the 
deviations beginning appreciably at about 4 M. This 
is an indication that ion pair formation has to be taken 
into consideration in the theory. For the KF solutions 
the deviations are smaller and the apparent experi- 
mental uncertainties large enough so that it is not 
meaningful to draw such conclusions. 


CALCULATIONS 


From the discussion of the preceding section, it ap- 
pears possible to assign to each ion a molar shift, 6* or 
§-, which in the proper combinations for a given salt 
reproduce the data reported in Table I. Since the be- 
havior in concentrated solution, as discussed, is not 
characteristic of each ion, values of 6+ or 6~ can be 
computed only for interpolated shifts at 1-M concentra- 
tion. A line of appropriate curvature has been drawn 
between 0.0 M and the points taken at higher concen- 
trations for each salt. The values for each ion are given 
in Table III. In order to establish a reference shift 
with which to compare all other molar shifts, the large, 
singly-charged ClO; ion was arbitrarily assumed to 
have a shift per mole of —0.85. As will be seen later, 
this value for that ion makes the shifts due to the 
polarization effect alone a small positive quantity. 

In dilute solution, the shift of the proton resonance in 
any of the electrolyte solutions in Table I is given by 
the following expression : 


5=m(ntd*++n-5-), 


where 6+ and 6 are the relative molar shifts by the 
positively and negatively charged ions, respectively, and 
n* and n~ are the number of moles of cations and anions 
formed in the dissociation of one mole of salt. The con- 
centration in moles per 1000 grams of water is m. With 
this expression it is possible to reproduce the shifts to 
within the uncertainties of the extrapolation and ex- 
perimental errors, that is, to within about 0.16 unit. 
It can be observed that charge and size have a pro- 
nounced effect on the shift. It seems unprofitable at the 
moment to make any detailed correlation of the shift 
with charge and size of the ion due to the complicated 
nature of the phenomena and the general uncertainties 
involved in deriving these values. The correlation in 
any case is not simple, since a knowledge of the effec- 
tive electric field in the neighborhood of a proton must 
be evaluated, which is dependent not only on the field 
of the ion itself but also on the field of the surrounding 
dipoles. Furthermore, the effect of this field on the shift 
requires a perturbation calculation with the wave func- 
tion of the water molecules. However, it can be seen 
that the negative ions have a larger effect on the proton 
resonance than the positive ions regardless of how the 
arbitrary scale is set up. The Cl- and Nat ions, both of 
which have about the same ionic entropies and the 
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TABLE III. Relative molar shifts of the proton 
resonance for each ion. 











Ion Ion Ion 
a: —0.35 Kt —0.71 Batt —0.23 
Br- —0.21 Nat —0.57 Catt 0.45 
cor —0.01 Li* 0.09 Mgtt 2.08 
F- 1.20 Bett 4.89 
Agt 0.28 

ClO." —0.85* Zn*t 1.24 
NO;— —0.09 

SO.- 1.17 Lattt 2.39 
PO, 3.83 Al*++ 5.19 








«® Assumed to establish relative scale. 


same effective radius in solution,’ are a good example. 
The Cl has the larger ion radius, and yet its shift 
is considerably larger. The explanation lies undoubtedly 
in the fact that the proton is much nearer to the nega- 
tive ion and is therefore directly influenced by it, while 
near a positive ion the field the proton experiences is 
screened by the oxygens. 

The values given in Table III reflect the combined 
effect of the hydrogen-bond-breaking action of an ion 
and the polarization contribution. The: relative magni- 
tude of these two factors can be roughly estimated if 
the number of hydrogen bonds broken per ion is as- 
sumed. The shift per broken bond might be obtained 
from measurements for steam. A shift of approximately 
6=21 has been found” which corresponds roughly to a 
shift of 0.4 6 for a mole of bonds ruptured in 55.5 moles 
of water. It has been assumed in this calculation that 
approximately 55 moles of hydrogen bonds exist per 
1000 grams of liquid water" and that all of them have 
been broken in the process of vaporization. On the basis 
that 5 to 6 bonds are broken by each ion, a mole of ions 
in a liter of solution will give a negative shift of about 
2.0 in 6. Thus, by adding 2.0 to each value in Table ITI, 
it is possible to assign a value due to the polarization 
alone for each ion. 


FLUORINE RESONANCE 


Further information about the interaction of the 
solvent and ions could be gathered if the nuclear mag- 
netic resonances of the anions and cations and also the 
oxygen were studied. It can be predicted from a purely 
electrostatic point of view, that the positive ions would 
be less shielded at higher concentrations while the 
negative ions would be more shielded. This effect can 
only be observed at rather high concentrations when 
most of the water molecules have been tied up by the 
ions. A further introduction of ions would then take 
already bound water molecules away from the ions. 
Thus, a positive ion would no longer have as many 
oxygen atoms surrounding it. Those oxygens which are 


9L. Pauling, Nature of the Chemical Bond (Cornell University 
Press, Ithaca, New York, 1948), p. 346. 

1 Unpublished results at Varian Associates. 

11 Cross, Burnham, and Leighton, J. A. C. S. 59, 1134 (1937). 
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the negative ends of the dipoles of water molecules have 
the effect of repelling the electrons of the positive ion 
towards its center, thus in effect increasing the shielding 
of the nucleus. When the number of bound water 
molecules per positive ion are decreased, the effect is 
then to reduce the shielding, while for anions the exact 
opposite occurs. It should be emphasized that when 
further interactions between any of the species in the 
solution can occur such as covalent complex formation 
or ion pair formation these conclusions are invalidated. 

For positive ions the qualitative picture is confirmed 
by results obtained by Gutowsky and McGarvey” for 
Cs+. A shift corresponding approximately to a 6 of 300 
has been found for a saturated solution of CsCl relative 
to a half-saturated solution, where the more concen- 
trated solution was less shielded. 

For the negative fluoride ions the predicted qualita- 
tive trend was found also. The resonance of the 8-M 
and 12-M KF solutions was measured relative to the 
4-M KF solution. The shielding was found to be greater 
in the more concentrated solutions and the resonance 
did not vary linearly with concentration. The 8-M 
solution had a very small negative shift while the 12-M 
solution had a shift of —16.7 in 6 relative to the 4-M 
solution. 

Fluoride ion interacts strongly with the protons of 
the water molecules. The relatively high value of the 
molar shift assigned to it in Table III indicates this. 
Further evidence is found in the measurements of the 
activity coefficients, where a high value of the effective 
radius must be assigned to this ion to account for the 
data. If this is not done, a reversal of the usual cationic 
effect is observed from that of other alkali halides. 
Furthermore, fluoride ion does not have the largest 
shielding of any fluorine compound as one might have 
expected. As was pointed out, the effect of hydration 
is to spread out the electron cloud toward the sur- 
rounding protons. 

This strong interaction between water and fluoride 
ion makes it reasonable that ion-pair formation is 
energetically not favorable, as was also indicated by the 
linear concentration dependence of the proton shift. 
The concentration dependence of the fluorine resonance 
shift confirms this also, since ion-pair formation would 
denude the fluoride ion of electrons through the attrac- 
tion of the positive ion, which would decrease the shield- 
ing in concentrated solutions opposite to what was 
found. However, to prove the last statement, one would 
have to demonstrate that the potassium ion polarizes 
the fluoride ion more than the dipoles of water which it 
displaces. 


( 12 oy S. Gutowsky and B. R. McGarvey, Phys. Rev. 91, 81 
1953). 
18H. Harned and B. Owen, The Physical Chemistry of Electro- 
lyte Solutions (Reinhold Publishing Corporation, 1950), p. 394. 
( 4H. S. Gutowsky and C. F. Hoffman, J. Chem. Phys. 19, 1259 
1951). 
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Line Widths and Proton Exchange Rates 


The possibility of exchange of protons among the 
various kinds of environments previously discussed 
must also be taken into account. If all the protons 
exchange rapidly relative to the times determined by 
the frequency separation of the possible states of the 
proton, a single sharp line will be observed which is 
characteristic of the number average of the various 
resonance frequencies. In this case, a lower limit on the 
rate of exchange can be set. If several different reso- 
nance frequencies were observed, an upper limit to the 
exchange rate could be set. If a broadening of the line is 
noted it is necessary to make sure that it is due to an 
interchange of protons in a time intermediate between 
the two previous situations rather than to other causes. 
The most likely other factor which can cause broaden- 
ing of the resonance line in this case is the existence of 
low-frequency terms in the magnetic fields due to other 
nuclear moments. These can become important when 
the viscosities of the solutions become high. This 
broadening can be differentiated from exchange broad- 
ening by the different dependence of the line width on 
the external magnetic field. 

As already pointed out, a single line is observed for 
the proton resonance in each electrolyte solution at 
room temperature and 7050 gauss. With the exception 
of the Al***, Be**, and the most concentrated ZnCl, 
solutions, the line was not noticeably broadened over 
and above the broadening observed for pure water. 
This means that the time of exchange of protons is fast 
enough so that only the average proton resonance is 
observed and furthermore that all internal-relaxation 
mechanisms are such that the broadening of the line is 
determined by the inhomogeneity in the external field. 
Therefore, the proton exchange in these solutions is 
faster than 10~ sec.® 

In order to understand the nature of the broadening 
in the other solutions and their dependence on the 
external magnetic field, the various relaxation mecha- 
nisms described by Bloembergen, Purcell, and Pound" 
must be studied. They distinguish between two main 
types of relaxation: those due to spin-lattice and spin- 
spin interactions. Interactions of the spins with the 
lattice permit energy to be exchanged with the mag- 
netic field. A characteristic relaxation time, called 71, 
is associated with this process. The interactions between 
nuclear spins on the other hand, are independent of the 
magnitude of the magnetic field and represent the loss 
of phase coherence of the nuclear precession frequencies 
during a characteristic time T:. Measurements of the 
line breadth yield 7, through the relation T,.=2/yAH, 
where y is the gyromagnetic ratio and AH is the width 
of the absorption curve. The theory of Bloembergen, 
Purcell, and Pound predicts a dependence of the relaxa- 
tion times 7; and 7; on the ratio of viscosity to absolute 


16 Bloembergen, Purcell, and Pound, Phys. Rev. 73, 679 (1948): 











tempera 
T2, since 
which n 
investig: 
tween tl 
time, 7c, 
equal an 
field. 
The s 
the freq 
in the be 
ZnCl. sc 
fits the 
reasonak 
viscosity 
hundred 
of the sj 
the mea. 
precessio 
to the lir 
of the s 
solution. 
that this 
larger lir 
solution : 
since the 
5 in going 
This dep 
can be ex 
solution 1 
they are « 
but that 
molecules 
the bounc 
correlatio 











NUCLEAR RESONANCE IN CONCENTRATED ELECTROLYTES 


temperature. Both viscosity and temperature influence 
T2, since it depends on the characteristic time, 7,, during 
which molecular orientation persists. For the solutions 
investigated in this study, the relation 2rvr-<«1 be- 
tween the precession frequency, v, and the correlation 
time, T-, is satisfied. Then 7; and JT, are approximately 
equal and both are independent of the applied magnetic 
field. 

The studies of line widths recorded in Table II at 
the frequencies 30 mc and 3 mc show clearly a difference 
in the behavior of the AlCl; solutions from the BeCl; and 
ZnCl, solutions. Of the three, only the ZnCl, solution 
fits the theory of Bloembergen, Purcell, and Pound 
reasonably well. This solution has about the same 
viscosity of pure glycerine, but its line width is a 
hundred times narrower, probably because of dilution 
of the spin system by the spinless Zn ion. Even here, 
the measured value of 72 is not independent of the 
precession frequency. However, the major contribution 
to the line width does appear to be due to the viscosity 
of the solution. This is also the case for the BeCl, 
solution. The higher proton density explains the fact 
that this solution, in spite of its lower viscosity, shows a 
larger line width than the ZnCl, solution. The AICI; 
solution shows an entirely different behavior, however, 
since the line width decreases by more than a factor of 
5 in going from a precession frequency of 30 mc to 3 mc. 
This dependence of line width on precession frequency 
can be explained by postulating that in the 2.5-M AICI; 
solution there exist states for water molecules in which 
they are either bound by Al*** ions or essentially free, 
but that there are not a significant number of water 
molecules in intermediate states. Exchange between 
the bound and free states takes place with an exchange 
correlation time, 7-. Gutowsky and Saika® have dis- 
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cussed the effect of 7, on the shape of nuclear magnetic 
resonance lines. A single, sharp, resonance line appears if 
T. is very short, so that 27,dw<1, where dw is the differ- 
ence in angular frequency of precession for the two 
states of the proton between which exchange occurs. 
If 7, is so long that 27.4w>>1, the two states behave 
essentially as noninteracting species and two sharp 
resonances spaced éw apart are observed. Furthermore, 
27,6w~1 represents a transition region in which the 
width of the line is determined by the values of 7, and 
dw. Since dw is linearly field dependent, the line width 
becomes a function of the precession frequency. 

For the AIC]; solution dw cannot be measured exactly, 
but is certainly of the order of twice the shift of the 
proton resonance found for this system relative to pure 
H,0. If the variation in line width observed in going 
from 30 mc to 3 mc is interpreted as making 27,dw~1, 
then 7, for this solution is about 8 milliseconds. 

The picture adopted above for purposes of calcula- 
tions is certainly oversimplified. The anion was observed 
to have some effect. The Al(NO3)3 solution had a 
slightly narrower line than the AIC]; solution, indicative 
of the fact that the NO;- does not hold the proton as 
tightly as the Cl- as confirmed by the 6 values in Table 
III. Furthermore, lowering the temperature to slow 
down the proton exchange resulted only in a broadening 
of the line rather than a splitting of the line which would 
correspond to an actual separation of the frequencies of 
the proton states. Thus, a more realistic picture would 
probably be that in these solutions not two definite 
states for the proton exist, but rather a variety of 
closely similar states near a positive ion and similarly 
such states near a negative ion and relatively few 
protons in intermediate states at the concentrations 
used. 
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S. Katsura has found evidence from exact calculations on finite systems that has led him to suggest that, 
contrary to the generally accepted view, a van der Waals type loop will be found in an exact application 
of the canonical ensemble to a first-order phase transition. It is shown here that Katsura’s results can be 
understood in terms of interfacial free energy in the two-phase region. A loop is indeed obtained, but it is 
not of the van der Waals type. In particular, the loop vanishes in the limit of an infinite system. The well- 
known argument of van Hove showing that a loop does not exist in an infinite system (canonical ensemble) 


is discussed in this connection. 





I, INTRODUCTION 


HIS paper is concerned with the question of 
whether or not a “loop” should be expected in 
u—N/V or p—V/N curves for an exact theory of a 
first-order phase transition, using the canonical en- 
semble. Hill! and Katsura? have recently discussed this 
question, and its relation to the grand ensemble, in 
papers which come to the same conclusions (insofar as 
they overlap) with respect to approximate theories* but 
to different conclusions with respect to exact theories.‘ 
Let us use the Ising model of a lattice gas to be 
specific. Much of the following notation is the same as 
that in reference 1. There are B equivalent sites in the 
lattice and the partition function for the motion of a 
molecule at a site is 7. Let w be the nearest neighbor 
interaction energy and z the number of nearest neighbor 
sites to a given site. Then the canonical ensemble par- 
tition function in the Bragg-Williams approximation is! 


we t« B\j% ( al? 
Q(  aeal TW BoMl B ), om 
a=zw/2kT. 


The exact partition function is 


Q(N,B,T)=2 g(V,N,B)j* exp(—wW/kT), (2) 
By 


where g(N,0,B) is the number of configurations with 9t 
nearest neighbor pairs. 
In the grand ensemble define 


P(N)=Q(N,B,T)\, 


AHenlkr, 


(3) 


Then P(N) is proportional to the probability that a 
given system in the grand ensemble contains exactly 
N molecules. Let \o=exp(u0/kT) be the value of A 


1T. L. Hill, J. Phys. Chem. 57, 324 (1953). 
2S. Katsura, J. Chem. Phys. 22, 1277 (1954). Note added in 
i. also S. Katsura, Progr. Theoret. Phys. (Japan) 11, 476 
1954). 
' 3 E.g., Bragg-Williams, van der Waals, quasi-chemical, etc. 
4E.g., Mayer’s imperfect gas theory, the two- or three-dimen- 
sional Ising model, etc. 


for which N= B/2 in the grand ensemble,’ and Po=Qdo". 
Then, in the Ising model, Po(V) is symmetrical about 
N=B/2. Hill! and Katsura? agree that below the critical 
temperature, using an approximate theory, Po(V) has 
the form shown in Fig. 1. Figure 1 in the grand ensemble 
is the equivalent® of a loop in the .—N/B curve in the 
canonical ensemble. 

For the exact theory, Hill' assumed that Po(NV) has 
the form shown’ in Fig. 2. The equivalent of this in the 
canonical ensemble is a »—V/B curve with a flat region 
instead of a loop. On the other hand, Katsura? con- 
jectures that an exact theory will give the same qualita- 
tive behavior as an approximate theory: Po(JV) as in 
Fig. 1, and a loop of the van der Waals type in the 
u—N/B (or pressure-volume) curve. The only evidence 
that he cites [but this is almost conclusive for the form 
of Po(N) in the author’s opinion], pertaining to an 
exact treatment, is that, at low temperatures, he has 
found maxima‘ as in Fig. 1, in an exact evaluation of 
a finite system, which become sharper as B increases. 

In Sec. III it will be shown by a simple argument that 
a compromise between the two conflicting points of 
view above appears to be called for: interfacial effects 
between the two phases present are sufficient to give a 
P,(N) as in Fig. 1 and as found by Katsura? and Hill’ 
for finite systems, but the corresponding canonical 
ensemble loop, unlike that in an approximate theory, 
disappears in the limit B—. This limiting behavior is 
in agreement with the earlier work of van Hove,’ which 
we digress to discuss briefly in the next section. 


Il. THE ARGUMENT OF van HOVE 


A careful argument has been given by van Hove’ 
showing that no loop is obtained from the complete 
evaluation of the canonical ensemble partition function 


5 This value, for both Eqs. (1) and (2), is given by 


jro= exp(zw/2kT). 

6 See Eqs. (8) and (10) of reference 1. : 

7 This is correct only if the interface between the two phases 1s 
ignored. See Eq. (13) below. 

8 The present author has confirmed this for a set of 12 sites on a 
sphere using the table published by R. Peierls, Proc. Roy. Soc. 

London) 154A, 207 (1936); and M. F. Morales and J. Botts, 

J. Chem. Phys. 16, 587 (1948). See the Appendix. 

°L. van Hove, Physica 15, 951 (1949). See also S. Katsura and 
H. Fujita, Progr. Theoret. Phys. (Japan) 5, 997 (1950). 
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Fic. 1. Po as a function of N (schematic). 


of an infinite fluid. The argument is based on the divi- 
sion of the system into sufficiently large cells, and neg- 
lect (which is shown to be justified) of molecular inter- 
actions between cells in the limit of an infinite system. 
Katsura’s conjecture concerning a van der Waals loop, 
mentioned in Section I, contradicts the above result 
of van Hove, and hence Katsura? questions the validity 
of van Hove’s reasoning. In the next section we shall 
try to show that it is not necessary for Katsura to in- 
voke a van der Waals type of loop in order to explain 
his Po(V) curves, and hence his reason for questioning 
van Hove’s argument is eliminated. 

It may, however, be helpful here to supplement van 
Hove’s discussion by the following alternative but 
essentially equivalent considerations. Let Q be the 
canonical ensemble partition function for a system of NV 
molecules and volume V. Divide V into M cells of equal 
volume. Following van Hove, we take V/M large 
enough so that molecular interactions between mole- 
cules in different cells can be neglected. Then 


M! 109": +> 
Q=2. — ; (4) 


nN Ino !- aie 





where Q,(V/M,T) is the canonical ensemble partition 
function for a system of m molecules and volume V/M, 
and ”» is the number of cells containing m molecules. 
The sum is over all distributions of the NV molecules 
among cells such that 


 Mm=M, 


5 
>, mn,=N. ©) 


The most probable distribution [maximize the sum- 
mand in Eq. (4) subject to Eqs. (5) ] is easily found by 
Lagrange’s method to be 


t oO, 


van > e-8mQ),," (6) 


where 8 is an undetermined multiplier, If we replace 
InQ by the logarithm of the largest term in Eq. (4) 
and use Eq. (6) to eliminate the ,,, we obtain 


InQ=M |In>> e-§"0,,+6N. (7) 
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Fic. 2. Po as a function of N (schematic). 


Now we know that 





01 
~) =. (8) 
ON /y.r kT 


Taking this same derivative in Eq. (7), keeping M 
constant, we find 


op 
0 ~~) ON m 
ON V,7T,M 


Le F"Om 








+6+N—=8. (9) 
oN 
From Eqs. (8) and (9) we conclude that 


B=—p/RT. (10) 
Equations (7) and (10) yield 


A=pN—pV=—&T InQ 
=—kTM |n > e*™/*70,,4+uN, 


or 


V 
»(—) =hT In e*™!*70,,(V/M,T), 


=kT \nz, (11) 
where & is the grand partition function for a system of 
volume V/M. Equation (11) is the conventional rela- 
tionship for the pressure using a grand ensemble. 

Now a pressure-volume loop can never be obtained 
from a grand partition function,! so we can conclude 
from Eq. (11) that whenever the canonical ensemble 
partition function Q can be written in the form of 
Eq. (4), a loop will not be found. It should be noted 
that Eq. (4) will be valid for any theory (regardless of 
how exactly the Q,, are evaluated): (a) which allows all 
possible fluctuations in the number of molecules in 
each cell, and (b) with cells chosen large enough (in- 
finite system, strictly) so that interactions between 
molecules in different cells can be neglected (see van 
Hove’). Approximate theories of the van der Waals, 
Bragg-Williams, etc., type, which contain the implicit 
or explicit restriction of the same fixed density in every 
cell, are excluded because of condition (a) above,” and, 


10 The author is indebted to Dr. L. van Hove for this observation. 












as is well known, lead to loops from the canonical 
ensemble. 


III. LOOPS IN THE CANONICAL ENSEMBLE 


We return here to the Ising problem. All configura- 
tions, for given N and B, are included in the sum in 
Eq. (2). The conventional view (which is supported by 
the work of van Hove) is that, below the critical tem- 
perature and for a value of N in the two-phase region, 
configurations with separated phases will predominate 
in the sum relative to, for example, configurations with 
an essentially uniform macroscopic density throughout 
V. If we accept this point of view, we can write (ig- 
noring interfacial effects temporarily) 


A=A,+A2= (Nipo— PV1) + (Nopo— pV 2) 
O(N, V,T) =Ce- 1H0- PV dk Te (Nauo— PV 2) /kT (12) 


_ Ce Nuo-pV kr 


where A, Q, NV, and V refer to the complete system, 
while A, (1, M, Vi, and Ag, Q2, Ne, V2 refer to the 
separate phases. V is proportional to B. The constant"! 
InC may be of order InB, but is thermodynamically 
negligible. From Eq. (12), 


Po(N)=Q(N)Ao% =CerV/k?, (13) 


which is independent of WN (see reference 7 and Fig. 2). 
No canonical ensemble loop will be found in this case, 
‘as already remarked in Sec. I. 

On the other hand, if we should restrict the sum in 
Eq. (2) to configurations with only one phase through- 
out V, we would obtain Po(N) as in Fig. 1, and, in the 
canonical ensemble, metastable states and a van der 
Waals type of loop.” 

Katsura,? with good evidence for Po(/V) as in Fig. 1, 
conjectures that a van der Waals type of loop will also 
follow from an exact theory. The conventional view, 
again, is that such a loop could only follow from the 
restraint of one phase or uniform density in V; the 
complete sum in Eq. (2) is not subject to this restraint 
and should not give a van der Waals loop. In place of 
Katsura’s suggestion, the author presents the argument 
below showing that interfacial effects will account for 
P(N) as in Fig. 1 and will lead to a corresponding 
loop which, however, unlike a van der Waals loop, 
vanishes as B—. Interfacial contributions are auto- 
matically taken care of, of course, in Eq. (2) ; the object 
here is to estimate their order of magnitude. 

Let Vj’ be the number of molecules in V when phase 

1! For simplicity we treat C as a constant. Actually, it may vary 
slowly with N, for example, C(N)~N* where n is of order unity. 
In this case C(N) must be symmetrical about N=B/2. For 
reference below, we remark that a corresponding loop could 
result from the canonical ensemble but that it would vanish as 
B—>« according to In(Ai/A0)=O(B™). This contribution to a 
loop would therefore disappear faster (as B— ©) than the inter- 
facial contribution of Eq. (20) which is O(B~) or O(B>4). 

12 It is the uniform macroscopic density throughout V, implicit 


in the Bragg-Williams and most other approximations, which gives 
rise to metastable states and a loop. 
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1 (the less dense phase) occupies the entire volume, 
and similarly for N2’=B—WNj’ (phase 2, the more 
dense phase). For simplicity, instead of considering all 
values of NV between NV,’ and N%’, let us discuss first 
N=Ny', B/2, and N2’. At Ni’ and N»’ a single phase 
exists and 


Pa(Ws')=Pa(Wa')=Q(Ns')ra'" =Q(Ns!)Aa¥ 


=Ce~(N1' uo PV )IkT) WN 1’ 
=CerVikT=C", (14) 


At N=B/2, two phases exist but A is not quite additive 
as assumed in Eq. (12). There will be of the order of B? 
molecules at the interface, which will result in of the 
order of Bt “missing” nearest neighbor interactions. 
The total surface free energy, to be added to A, will 
then be of the order k7B!. Thus 


Q(B/2)=C exp| — (<n pv) jf ir| 


Xexp(—aBi) (15) 
P,(B/2)=C’ exp(—aB}), (16) 


where a is a positive constant of order unity. The term 
in Bt in Eq. (15) is negligible thermodynamically (i.e., 
in A) but is not negligible in Eq. (16). In fact, from 
Eqs. (14) and (16) and the symmetry of Po(J), it is 
clear that Po(N) has maxima at N,/ and NV,’ and a 
minimum at B/2. The ratio 


P(N’) 


——=exp(aB! 17 
PAB/2) exp(aB') (17) 


is very large for large B and increases as B increases. 
Thus the behavior found in Fig. 1 by Katsura? and 
Hill® can be accounted for as a surface phenomenon.” 
In two dimensions, the ratio in Eq. (17) is exp(aB'); 
in a theory with the restraint of uniform density (in- 
cluding Bragg-Williams, etc.), it is rather obviously 
exp(aB). 











X 
In & 
= 


° 


Fic. 3. In(A/Ao) as a function of N (schematic). 


13 “Surface effects” will play a role when B is not large but the 
B? behavior is asymtotic for large B. 
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We now wish to consider the extent of the loop to be 
expected in a u»—N/B curve (from the canonical en- 
semble), as compared to the loop in an approximate 
theory (see Fig. 3). As pointed out in reference 1, a 
loop in Fig. 3 for the canonical ensemble is the locus 
of the two maxima and one minimum in Fig. 1 for the 
grand ensemble. The value of In(Ai/Ao) (which locates 
the extent of the loop—see Fig. 3) can thus be deter- 
mined as the value of In(A/Ao) at which the maximum 
at N=Nj’ disappears. This will occur essentially when 


InP(N1’)=InP(B/2). (18) 
Now we have 
P(N)=Q(N)AX 


= Po(N)(A/do)” (19) 
InP=InPo+WN In(A/Ao). 
Then In(A;/Ao) is given by 
InP(N1/)=InC’+1' In(a1/Ao) 
=InP(B/2) 


=|InC’—aB?+ (B/2) In(Ai/do), 
or 
At aBi 


In—=—————-=O(B-4). (20) 

do (B/2)—M1! 
As B+, In(Ai/Ao)—0. Thus the canonical ensemble 
loop (solid curves B and C in Fig. 3) vanishes as Bo 
in an exact.theory. In two dimensions, In(A1/Ao) 
=0(B-). In an approximate theory (or with the re- 
straint of uniform density), In(A;/Ao) =O(1) = constant 
as Bo ; the loop (dotted curve A in Fig. 3) in this 
case does not vanish as B>. 

Whether an exact theory will give a loop of type B or 
C in Fig. 3 depends on the geometry of the system. For 
example, suppose the sites of a two-dimensional system 
are arranged on the surface of a torus of inner radius 7; 
and outer radius ro. If (ro—r;)/r; is small, the interfacial 
regions will tend to occur in planes perpendicular to 
the plane of the torus and passing through its center, 
since this will minimize the interfacial area. In this case 
the surface correction in Po(N) (see Eq. (16) for 
N=B/2) will be practically independent of NV between 
Nj’ and N,’, because the interfacial area is independent 
of the proportion of the two phases present. One can 
then see from Eq. (19) that a curve of type C in Fig. 3 
will result. On the other hand, suppose the sites are 
distributed on the surface of a sphere. Then the inter- 
facial area increases between NV,’ and B/2 and decreases 
between B/2 and N.’. Except near Ny’, B/2, and N,/, 
Bi in Eq. (16)" will be replaced approximately by 
(V—Ny’)! for Ny’ <N<B/2 and (N./—N)! for B/2<N 
<2’. The result will be a curve of type B in Fig. 3. 

Figure 1 and Eq. (17) imply that an open system at 





* Replace 3 by } for a two-dimensional system. 
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Xo will practically always be found to have N=N,’ or 
N,’ but not intermediate values of NV (except for very 
small fluctuations in the neighborhood of NV,’ and N.’). 
We should expect this result from the grand ensemble 
point of view, for the total free energy (see Sec. II) of 
an ensemble of open systems will be lower if (a) half 
of the systems have V=Nj’ and half N=N,’ rather 
than if (b) the systems have all values of N from NV,’ to 
N,! with an average N of B/2. This follows because there 
will be an interface with an extra surface free energy in 
the systems of (b) but there will be no surface contribu- 
tions in (a) since molecular interactions between sys- 
tems of the ensemble are not counted. These remarks 
apply to idealized systems without “edges” (e.g., the 
surface of a torus or a sphere, mentioned above) or 
interacting containing walls, such as are usually em- 
ployed for theoretical calculations. Of course in a 
closed system (canonical ensemble), both phases will 
in general be present at \=Ao. The interface cannot be 
avoided as in an open system. 


APPENDIX 


We consider here the special case B=12, z=4 with 
sites arranged on the surface of a sphere® (cubic close 
packing). From Eqs. (2) and (3), 


P(N)=X g(W,%,B) (jr) exp(—wH/kT). (21) 
o 











3 3 
X=0.80 
2F +2 
P, 
X=0,40 
' X=0.3! +1 
X=0.20 
re) l 1 ut 
0.25 0.50 0.75 1,00 
N/B—> 


Fic. 4. Po as a function of N/B for twelve sites on the surface of 
a sphere (cubic close packing). 
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To obtain Po(N) we put® jA=exp(2w/kT). Then 


Po(N)=X g(N,M,B)x—™, 
af (22) 


where we have replaced 9% by M for typographical 
reasons. 


Specifically,’ we have 

Po(0) = Po(12)=1 

Po(1)= Po(11) = 122" 

P (2) = Po(10) = 42x4+ 242% 

Po(3) = Po(9) = 44a5+ 120x°+ 4824+ 823 (23) 


TERRELL L. HILL 


Po(4) = Po(8) = 9x8+-96x7+ 2402°+- 9625+ 5424 
Po(5) = Po(7) = 108x°+-264x7+ 264x*+ 120x°+ 3624 
Po(6) = 216x8+ 240x7+ 3364+ 9625+ 3624. 


Figure 4 shows Po(V) with w<0 for various values of x, 
normalized to unity. At high temperatures (x near 
unity) a single peak (‘‘one phase’’) is obtained while at 
low temperatures (x near zero) two peaks appear 
(“phase splitting”). The critical value of x for the 
infinite system (z=4) has been shown by Kramers and 
Wannier and by Onsager to be «-=0.172. The apparent 
higher “critical temperature” in Fig. 4 («4£0.32) is 
probably due to the fact that “cooperation” between 
molecules is enhanced by the closer proximity (neigh- 
borwise) of sites to each other here, as compared to an 
infinite plane lattice. 
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Experimental Determination of the Thickness of Weak Shock Fronts in Liquids* 
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The thickness of weak shock fronts, across which the pressure difference was in the vicinity of ten atmos- 
pheres, was measured by the reflectivity method in acetone, ethyl alcohol, and ethyl ether. They are all of 
the order of 10-4 cm thick. Lower limits to the thickness were established in water, carbon tetrachloride, 
benzene, and ethylene glycol. A theoretical expression for the thickness is derived. Comparison between 
theory and experiment suggests that the effective viscosity in the shock front is several times the ordinary 
shear viscosity in ethyl ether and acetone but agrees well in ethyl alcohol. 


INTRODUCTION 


T has proved possible to investigate the transition 
region in shock fronts in gases by making use of the 

fact that under suitable conditions of shock strength 
and initial gas pressure the thickness of the transition 
region is of the same order of magnitude as the wave- 
length of visible light ; because of this circumstance the 
optical reflectivity is sensitive to the thickness and 
density profile of the shock front. From their reflectivity 
the thickness of shock fronts has been measured in 
argon, nitrogen, oxygen, and hydrogen, and rotational 
heat capacity lags have been studied in the latter 
three molecules.!~* Very little has been published re- 
lating to the thickness of shock fronts in liquids. Cole‘ 

* This paper is based on a thesis submitted in partial fulfillment 
of the requirements for the degree of Doctor of Philosophy at 
Brown University, 1952. The work was supported by the Office of 
Naval Research. 

ft Present address: E. I. duPont de Nemours Company, Engi- 
neering Research Laboratory, Wilmington, Delaware. 

1G. R. Cowan and D. F. Hornig, J. Chem. Phys. 18, 1008 
(1950). 

2 Greene, Cowan, and Hornig, J. Chem. Phys. 19, 427 (1951). 

3 E. F. Greene and D. F. Hornig, J. Chem. Phys. 21, 617 (1953). 

4R. H. Cole, Underwater Explosions (Princeton University 
Press, Princeton, 1948), p. 46. 





has published a summary of the work in underwater 
explosions, and in it he states: “A number of writers 
have made such estimates [of the thickness of intense 
shock fronts, based on hydrodynamic theory] . . . the 
common result is . . . that they predict thicknesses 
of the order of 10-° or 10-* cm... .” No detailed 
theoretical work has been done to date on this subject, 
and there has been no experimental evidence as to the 
thickness of any shock in a liquid. In the present paper, 
the thicknesses of weak shocks in liquids will be calcu- 
lated from the hydrodynamic equations and an equa- 
tion of state. An apparatus to measure these thicknesses 
will be described, and experimental results in a variety 
of liquids will be presented. 


SHOCK FRONT THICKNESS IN LIQUIDS 


The three hydrodynamic equations representing the 
conservation of mass, momentum, and energy across 4 
plane shock front progressing in the positive X direc- 
tion in a homogeneous compressible fluid may be 
written, respectively, 
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pu=a, (1) 
ch (2) 
—~—=au+ p—b, 2 
3 dx 

dT 
K—=uE+ub—t}au?—c, (3) 

dx 


where p is the density at any point in the fluid, ~ the 
particle velocity with respect to the shock front, » the 
shear viscosity, p the pressure, E the internal energy per 
unit volume, K the coefficient of thermal conductivity, 
and 7 the absolute temperature; a, 6, and c are con- 
stants defined by the initial and final conditions. A 
convenient equation of state is obtained by expanding 
the pressure as a function of the density and the 
entropy as follows: 


0 0 
2) (2) 
dp/ s OST, 

0? 3 
+ 2 io+2( : 
Op?/ gs Opas 








; 5p5S 
+(5)} 


Weak shock fronts in liquids, across which the pres- 
sure difference Ap is of the order of ten atmospheres, 
are to a good approximation isentropic. Therefore, the 
terms in 6S in Eq. (4) may be dropped and only those 
in dp and 6p? used. This approximation is equivalent to 
replacing Eq. (3) by 

dS/dx=0. (5) 


The thickness of the shock front is defined by the 
expression 
P2— Pi 


~ (dp/d) max 


where the subscripts 1 and 2 refer to the limiting re- 
gions ahead of and behind the shock front. Equations 
(1), (2), and (4) may be solved for dp/dx to yield, in 
the case of weak shocks, 


pi (0° 
24 
2c’ \ dp’/ gs 
1 {9p 
= 20| tag) tM 
cop: 2co'\ dp*/ 5 


eee ~*) fo (7) 
S 


a 2c0 Op? 


(6) 


—-y— = 


4 du aia 
3 dx a 








In deriving this equation use has been made of the 
fact that au;+p:—b=0 in the limiting region before 
the front, and that m, the velocity of the shock front, 
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differs from the sound velocity cy by less than one part 
in one hundred. Use was also made of the relations 


0 rf9 
C+ 
Op/ gs Cy\dp/ r 


p2 Ap 
uy =— — (9) 
pi Ap 


and 


The last two terms in dp? in Eq. (7) are actually 
third order as a consequence of Eq. (9). For example, 
for a 10 atmosphere shock in ethyl alcohol, they 
amount to less than one part in 700 of the complete 
term in dp’, if the coefficients are taken from the data of 
Amagat.® 

Consequently, to second order Eq. (7) becomes 


4 du p1 pl o p 
1 (— :) [feria poe (10) 
3dx a 2c” \ dp? 
so that 
16uco 
L= (11) 





eo? 
sap 1+ *) ] 
2c¢" 


The coefficient (0°p/dp”)s has not been determined 
for any of the substances studied. It could best be 
obtained from a study of the variation of the velocity 
of sound with pressure and temperature, or with density 
and temperature, since it is given by either of the 
following two relations: 


mag) ces) 
=. “Pin 
2¢¢7 Op? s Op T 
1 Ta OCo 
+ or (12) 
P1Co0Cy B oT 
pi f 9Co OCo 
“(5 ) steal? a) 
co\Op/ 7 picot, 


where in addition to the symbols previously defined, 
a is the coefficient of thermal expansion and £@ is the 
compressibility. For any real liquid the last term is 
negligible to a very good approximation so that 


ap OC 
(2)-m(), 
dp’/ s Op/ r 


0Co 
=204(—) ‘ (15) 
Op/ r 


Except for water, very little information is available 
on the dependence of sound velocity on pressure. As an 











5 E. H. Amagat, Ann. chim. et phys. 29, 505 (1893). 
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TABLE I. Theoretical shock thickness. 











co* pb . (02p/ dp?) r dyne cm‘ g~? LAp 
Material cm sec™! (centipoise) g cm73 Reference 5 Reference d atmos Xcm 
Ethyl ether 1.00 105 0.232 0.713 14.6 X10" 24.8 10" 1.31074 
Acetone 1.27 10° 0.30 0.791 11.9°x 10° 19.9 10" 3.5X 1074 
Ethyl alcohol 1.17 10° LZ 0.789 19.0 X10" 15.2 10 19.910 
Water 1.40 105 1.00 0.998 tee 9.710" 23.4X 10-4 








® Freyer, Hubbard and Andrews, J. Am. Chem. Soc. 51, 759 (1929). 
ie and Roger, Phil. Trans. A185, 397 (1895). 


° At 0° 


4 P, W. Bridgman, International Critical Tables (McGraw-Hill Book Company, Inc., New York, 1928), Vol. III, p. 41. 


approximation to (0?p/dp”)s one may use (0*p/dp’) 7, 
which is available from the compressibility measure- 
ments of Bridgman and Amagat. Bridgman’s values are 
presumably the more accurate but the points are taken 
at widely spaced pressure intervals (500 atmospheres) 
so that it is not certain that the average curvature of the 
p vs p curve is equal to that at one atmosphere. 
Amagat’s data were taken at lower pressures, but the 
value of the second differences depend on the last deci- 
mal place of his measurements. The values of (d?p/dp*) r 
from both sources, together with the expected shock 
front thickness based on the Bridgman value, are given 
for several substances in Table I. For water, in which 
Eq. (14) can be used, the correct value of (d?p/dp”)s is 
9.210", in good agreement with that obtained from 
Bridgman.® In interpreting Table I we must realize 
that in using the ordinary shear viscosities it has been 
assumed that uw does not depend on the rate of shear. 
Because compression in the shock is equivalent to 
sonic processes of the order of 300 Mc/sec, this is not 
necessarily a safe assumption. All of the values listed 
in Table I were taken at 20°C except where noted. 


THE EFFECT OF BULK VISCOSITY ON THE 
THICKNESS 


In recent work in the field of ultrasonic absorption 
the validity of using only the shear viscosity » to 
describe the dissipative forces in a dynamic system has 
been questioned.’-” Tisza has proposed that in addi- 
tion to uw, a bulk viscosity may be effective under 
dynamic conditions. If k is the bulk viscosity, Eq. (11) 
becomes 





4 
U= (“uth (16) 


a bar 22) i 


If the value of k/u is of the order of 3, as has been 
reported® for some liquids, L’ would be about 3ZL. 
Accurate experimental measurements of L combined 
with a well-established value of (0?p/dp”) s should yield 


6 A. H. Smith and A. W. Lawson, J. Chem. Phys. 22, 351 (1954). 
7L. Tisza, Phys. Rev. 61, 531 (1948). 
8 Carl Eckart, Phys. Rev. 73, 68 (1948). 
® — Beyer, and Lindsay, Revs. Modern Phys. 23, 353 
1951 
10, Hall, Phys. Rev. 73, 775 (1948). 


information as to the bulk viscosity forces acting in the 
shock process. 


Experimental Method 


In order to apply the reflectivity method, a knowledge 
of the variation of index of refraction, m, with distance 
through the shock front is necessary. This may be ob- 
tained by integrating Eq. (10) to obtain 


Ap 
p(x) =p1+——— Soa (17) 


and since 6n(x) is a linear function of 6p(x) 


An 
n(x) =m+-———_ (18) 


1pet/l 


It is interesting to note that this is exactly the ex- 
pression used by Cowan and Hornig! as their “Model 
II” function. The reflectivity equation is therefore the 
same as that of Cowan and Hornig 


1 (= =) ) 
m 


An? 
R=—(1i+tan‘#) : (19) 
4n;? aL cosé 
sinh ——) 
L A J 


In the above equation R is the reflectivity, \ the 
wavelength of the incident light, @ the angle of incidence 
and m the index of refraction of the medium. The total 
change in index of refraction across the shock front is 
An. The part of the equation enclosed in square brackets 
is plotted as a function of \/L cosé in Fig. 1. 

Two essentially different methods of determining L 
from Eq. (19) suggest themselves. First, following 
Cowan and Hornig, we find the parameter L cos@/\ may 
be varied by changing either ) or 0, and the slope of the 
reflectivity function determined. The value of Z may 
then be determined from Fig. 1. Alternately, the ap- 
paratus may be calibrated in terms of absolute reflec- 
tivity and Eq. (19) solved for Z. In this case Am is 
given by the Lorentz-Lorenz formula which is, for 
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THICKNESS OF WEAK SHOCK FRONTS IN LIQUIDS 


sufficiently weak shocks, 


Ap 
An= (ny?—1). (20) 
2n1p1 





APPARATUS 


A schematic diagram of the apparatus used is shown 
in Fig. 2. The apparatus was a modification of that 
used by Cowan and Hornig. A shock wave was gener- 
ated in nitrogen by means of a bursting diaphragm in a 
vertically mounted, 23 in. diameter shock tube. Copper 
diaphragms, 0.008 in. thick, were used to produce 
shocks with a pressure difference of 10 atmospheres. 
The shock wave travelled down the tube until it im- 
pinged at normal incidence on the surface of the liquid 
in the bottom of the tube. A 0.001-in. membrane of 
duPont ‘‘Mylar” film was located about a centimeter 
below the surface of the liquid and served to separate 
contaminated liquid above from the carefully filtered 
clean sample in a cell at the base of the tube. The 3-cm 
layer of liquid above the cell tended to slow down copper 
fragments and to protect the membrane. Windows in 
opposite sides of the cell allowed the collimated light 
beam from a carbon arc to enter the liquid at a known 
angle to the vertical; a type 931 A photomultiplier in 
conjunction with an optical system received the re- 
flected light pulse as the shock travelled past the win- 
dow. Suspended matter in the sample had to be care- 
fully eliminated since it caused intolerable light noise; 
in fact, the reduction of scattered light was one of the 
major experimental problems in this work. Samples 
were filtered through three fine sintered glass filters 
directly into the cell, which was constructed entirely 
of stainless steel, to eliminate suspended particles as 
far as possible. 

The shock tube was adjusted to within 2 minutes of 
arc of the vertical by means of a plumb bob, and the 
optical zero was fixed within 30 seconds of horizontal 
using surveying instruments. Accurate angle settings 
were imperative since the angles of incidence used were 
close to grazing, where the (1-+tan‘@) factor in Eq. (10) 
changes rapidly with angle. Shock pressures were com- 
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Fic. 1. Theoretical reflectivity of a shock front. 
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puted from the measured pressures in the compression 
and expansion chambers, using previously published 
relations." A correction was made for the 7 percent 
decrease in shock strength, resulting from nonideal 
bursting conditions, reported by Bleakney e ai.,” as 
well as for the more than two-fold increase in shock 
pressure caused by reflection at the liquid-gas interface. 

An image of the carbon arc light source was cast on a 
horizontal slit, which then became the effective light 
source for the rest of the system. The slit was designed 
so that the divergence of the beam in the vertical plane 
was limited to plus or minus 30 minutes of arc. The 
optical system was arranged so that the direct light 
beam passed through the cell and left through the exit 
window ; it was absorbed on a black paper mask outside 
the tube. This arrangement was found to materially 
reduce the background of scattered light. A lens and 
mask in the exit system permitted only nearly parallel 
light to reach the photomultiplier, still further reducing 
the unwanted scattered rays. The entire optical system 
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Fic. 2. Apparatus used to measure shock front 
reflectivities in liquids. 


1 F, W. Geiger and C. W. Mautz, “The Shock Tube as an 
Instrument for the Investigation of Transonic and Supersonic 
Flow Patterns,” U. S. Navy Department of Naval Research Con- 
tract No. N6-ONR-232 Task Order IV, Engineering Research 
Institute, University of Michigan, June, 1949, p. 12. 

( 12 ~ irr Weimer, and Fletcher, Rev. Sci. Instr. 20, 807 
1949). 

13. Courant and K. O. Friedrichs, Supersonic Flow and Shock 

Waves (Interscience Publishers, Inc., New York, 1948), p. 153. 
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TABLE II. Experimental shock thicknesses at 26°C. 














Shock strength Thickness Av. thickness 
Liquid (atmospheres) Method (cm 104) (cm X104) LAP 
Acetone 9.3 Angle dep. 1.37+0.2 7 
Absolute mag. 1.20+0.08 1.40 13104 
Wavelength dep. 1.54+0.2 
13.1 Angle dep. 0.72+0.15 
Absolute mag. 0.86+0.07 0.80 10.5 1074 
Wavelength dep. 0.85+0.12 
Ethyl alcohol 13.1 Wavelength dep. 1.00-++0.15 1.16 15.2 
Absolute mag. 1.32* : ‘ 
16.7 Angle dep. 0.90+0.2 111 18.5 
Absolute mag. 1.21+0.09 , : 
Ethyl ether 9.3 Wavelength dep. 0.90-++0.15 
Angle dep. 1.04++0.08 0.85 7.9 
Absolute mag. 0.75+0.09 
Water 16.7 Absolute mag. >1.1 > 18.3 
Carbon tetrachloride 16.7 Absolute mag. >2 >33.4 
Benzene 16.7 Absolute mag. >1.9 >31.8 
Ethylene glycol 16.7 Absolute mag. >1.6 >27 











® One record. 


was mounted on a 500-lb concrete block, entirely sepa- 
rate from the shock tube, to prevent vibrations from 
reaching the detection system. 

The scattering level in the cell was measured before 
each shot by setting the angle of incidence at a standard 
value, and measuring the signal obtained when the arc 
beam was “chopped” by a rotating sector. Whenever the 
scattering level increased following a shot, a pin hole 
was found in the membrane. High scattering levels gave 
rise not only to random “‘light” noise but also to well 
defined spurious signals. 

Effective angles of incidence in the liquid were com- 
puted by using the known divergence of the light beam 
in connection with the reflectivity equation to obtain 
a properly weighted average, after allowance had been 
made for refraction at the windows. The external angles 
of incidence used were 80° and 82°, corresponding to 
actual effective values, in acetone and ethyl alcohol, 
of 82°45’ and 84°15’. In ethyl ether the effective values 
were 82°37’ and 84°05’. 

Wavelengths were isolated at two points in the visible 
spectrum by Wratten filters; effective wavelength 
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Fic. 3. Thickness of shock fronts in acetone. 


values were fixed by combining filter transmissions 
(measured using a carbon arc source in connection with 
a recording spectrograph) with the theoretical reflec- 
tivity curve to obtain a weighted average value. The 
detector in the spectrograph was a type 1P21 photo- 
multiplier, which has the same spectral sensitivity as 
the 931-A. Wratten filter No. 35 yielded a weighted 
average wavelength of 4300 A, based on a shock thick- 
ness of 10~* cm. Wratten No. 21 yielded an average 
value of 5700 A. These two filters, as well as the white 
light average of 4750 A, were used in all the experi- 
mental work. 

Output signals were displayed on a cathode-ray 
oscilloscope and recorded photographically. An ex- 
panded sweep allowed accurate timing measurements 
to be made. The frequency response of the electronic 
system was constant to 100 kc, falling off to 50 percent 
at 400 ke. 

A signal was observed in some liquids upon passage of 
the primary shock wave. A second signal was observed 
as the shock was reflected from the bottom plate of the 
cell and again traversed the light beam. These signals 
were identified as true re‘Jections by their timing, their 
shape, their duration, and especially by their wave- 
length dependence. The signals were observed to be 
stronger at longer wavelengths, eliminating any possi- 
bility that they might be caused by any spurious 
scattering phenomenon. 

The recording system was calibrated in terms of 
absolute reflectivity by using a shock front of known 
thickness in nitrogen as a reference. A shock wave 
which had been thoroughly studied by Greene ef al.’ 
was generated in the tube by duplicating their condi- 
tions. The thickness of this shock was known to be 
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1.63X 10~* cm plus or minus 15 percent; its reflectivity 
was established through the use of the Rankine- 
Hugeniot relation in conjunction with Eqs. (19) and 
(20). For this shock \/7°L cosé@ falls to the right on 
Fig. 1, where the reflectivity varies slowly with thick- 
ness, thus enhancing the accuracy of the calibration. 
The thicknesses observed in liquids, on the other hand, 
correspond to points on the left of Fig. 1, in a region 
of rapidly varying reflectivity, which tends to increase 
the reliability of the results. 

The scatter of reflectivity values obtained from gas 
calibration shocks was considerably less than that ob- 


‘served in the liquid; this was originally attributed to 


the complications introduced by the passage of the 
shock through the liquid-gas interface as well as the 
factors mentioned in the preceding paragraph. However, 
the condition of this interface at the instant of arrival 
of the shock wave was investigated by totally reflecting 
a light beam from the surface and observing any 
deflections. No disturbances were observed in the cen- 
tral portion of the surface prior to the arrival of the 
shock, although there was some evidence of deforma- 
tions near the edges. 


EXPERIMENTAL RESULTS 


The experimental results at 26+3°C are listed in 
Table II. Shock-wave thicknesses were successfully 
measured in acetone, ethyl alcohol, and ethyl ether, 
but no reflections could be observed in water, carbon 
tetrachloride, benzene, or ethylene glycol, even from 
the strongest shock waves (Ap=16.7 atmospheres) 
available. The minimum reflectivity observable with 
this apparatus was about R=10~’; this fact estab- 
lishes a lower limit on the shock front thickness in 
these liquids, as indicated in the table. The thickness 
values listed in Table II represent the average of 4 or 
5 reflectivity measurements at each of the angle or 
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Fic. 4. Thickness of shock fronts in ethy] alcohol. 
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Fic. 5. Thickness of shock fronts in ethyl ether. 


wavelength settings, except as noted. Probable limits 
were computed from the scatter in experimental values. 
This scatter was relatively large, possibly reflecting 
uncertain conditions at the liquid-gas interface at the 
instant of arrival of the shock. The probable errors of 
the reflectivity values ranged from 11 percent to 35 
percent, with an average value of 15 percent. The 
scatter in gas calibration reflectivities yielded a prob- 
able error of only 1.6 percent. It will be noted that 
while there appears to be some discrepancy between the 
results of the various methods of measuring L, in most 
cases the limits of error overlap for identical shocks. 
The experimental results are plotted in Figs. 3, 4, and 
5, together with the corresponding theoretical curves 
computed from Eq. (11). 


CONCLUSIONS 


The comparison between the experimental and theo- 
retical results for acetone and ethyl ether suggests that 
either the shear viscosity is markedly greater under 
these conditions or that a bulk viscosity effect is present, 
since the measured values of L all lie significantly above 
the predicted values. The values of (0?p/d0p”)s used in 
the theoretical computations are so questionable, 
however, that no clear-cut conclusions may be drawn 
regarding the magnitude of the effect. The potentiality 
of the method for gaining information about the viscous 
behavior of liquids has, however, been demonstrated ; 
an expression for shock thickness in liquids, valid for 
weak shocks, has been derived from hydrodynamic 
theory, and an apparatus to measure the thickness of 
such shock waves has been described. The authors 
wish to thank Edward F. Greene for valuable help and 
suggestions throughout the experimental work and 
Thomas L. Dawson for help in designing and construct- 
ing the apparatus. 
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The reactions between Hg(’P;) and toluene have been investigated between 150° and 400°C at pressures 
from 0.4 to 30.5 mm Hg. The gaseous products are He, CHy, and C2H¢. The quantum yield for Hz is 5X 10-4 
at 150°C and increases to about 10~ at 400°C. A mechanism based on two types of excited toluene molecules 


is proposed. 





I. INTRODUCTION 


HE mechanisms of the reactions of excited mer- 
cury atoms with alkanes and alkenes have been 
fairly well established. Thus the alkanes have been 
shown to react by a simple carbon-hydrogen split and 
the alkenes generally by the formation of excited 
molecules. In contrast, very little is known about the 
reactions of excited mercury atoms with aromatic 
hydrocarbons. Two papers on those reactions have been 
published recently by Scott and Steacie' on benzene, 
and Hentz and Burton? on toluene. The quantum yields 
of both reactions were very small at room temperature 
and even at the more elevated temperatures at which 
the reactions were investigated. The reaction of Hg (*P;) 
with toluene’? was investigated only incidentally to a 
more general survey of the photochemistry and radia- 
tion chemistry of substituted benzenes and little can 
be said about the details of the reaction. The results of 
a more detailed study of the reaction between Hg(*P;) 
and toluene are reported in this communication. 


II. EXPERIMENTAL 


The toluene and propane were Phillips Research 
Grade Products and were further purified by simple 
bulb-to-bulb distillations. 

The apparatus was similar to that used for investigat- 
ing other mercury photosensitized reactions in this 
laboratory. A cyclindrical quartz reaction cell (5 cm 
diameter, 10 cm long) was placed concentrically in a 
cylindrical aluminum furnace, the ends of which were 
closed by quartz plates. The temperature along the 
cell did not vary by more than 2°C and, in any one 
experiment, the temperature at the center of the cell 
did not fluctuate by more than 2 degrees. The reaction 
vessel was connected through a mercury cutoff to the 
main vacuum line and an analytical system consisting 
of a Ward still, a mercury diffusion pump, and a com- 
bined Toepler pump and gas burette. Unreversed reso- 


* Contribution No. 3595 from the National Research Council, 
Ottawa, Canada. 

{ Present address: Department of Experimental Medicine, 
McGill University, Montreal, P.Q. Canada. 

t Present address: Olin Mathieson Chemical Corporation, 
General Research Laboratories, New Haven, Connecticut. 
( oy Y. Scott and E. W. R. Steacie, Can. J. Chem. 29, 233 

1951). 
2 R. R. Hentz and M. Burton, J. Am. Chem. Soc. 73, 532 (1951). 
8 E. C. Ward, Ind. Eng. Chem. (Anal. Ed.) 10, 169 (1938). 


nance radiation of \2537 was obtained from a low- 
pressure mercury lamp filled with neon to 3 mm pres-® 
sure and run at 100 ma from a stabilized power source. 
The light was roughly collimated by a quartz lens and 
filled the whole of the reaction vessel. The intensity of 
light was determined by measuring the rate of formation 
of hydrogen in the mercury photosensitized decom- 
position of propane at 300 mm pressure and room tem- 
perature. The quantum yield‘ for the decomposition of 
propane was taken to be 0.5. 

Before an experiment, toluene was admitted to the 
reaction system from a storage vessel and further 
degassed by repeated freezing and melting in vacuo. 
After a measured period of illumination the toluene 
was frozen out at —80°C and the hydrogen, methane, 
and other volatile hydrocarbons were removed by the 
mercury diffusion and Toepler pumps and collected and 
measured in the gas burette. The products were further 
separated into fractions by distillation in the Ward 
still. The gases uncondensable at —196°C were an- 
alyzed either by combustion over copper oxide or mass 
spectrometrically. The other products were analyzed 
mass spectrometrically and found to consist largely of 
C, hydrocarbons and, occasionally, traces of C3 hydro- 
carbons; they have been regarded as C2H in this work. 


III. RESULTS 


Preliminary investigation showed that there was no 
observable reaction after 48-hours exposure at room 
temperature and subsequent experiments were per- 
formed at temperatures which were high enough for 
reasonable rates to be obtained but low enough for the 
thermal reaction to be insignificant. The reaction was 
investigated in fair detail at 295°C and less intensively 
at 150° and 400°C. 

The results obtained at 295°C, presented in Table I, 
provide information about the effect of pressure on the 
rates of production of H2, CH4, and C2H¢ and on the 
composition of the gaseous products. The rates of 
production of Hz, CH4, and CH are shown as func- 
tions of the pressure of toluene in Fig. 1. The rapid 
increase in RH. with increasing pressure between zero 
and about 2 mm can be explained most easily by as- 
suming that the quenching is incomplete in this region 
and increases with increasing pressure. The rate of 


( 4S. Bywater and E. W. R. Steacie, J. Chem. Phys. 19, 172 
1951). 
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production of hydrogen (Ruz) then decreases with a 
further increase in pressure between 2 and 15 mm after 
which it appears to be independent of pressure. The 
rate of production of methane also increases with in- 
creasing pressure in the low-pressure region; it does not 
attain a maximum as did Ru, but becomes either inde- 
pendent of or increases very slowly with increasing 
pressure between about 10 mm and 30 mm. In contrast 
to the effect of pressure on Ru, and Rcwy,, the rate of 
production of C2Hg is independent of pressure over a 
wide range and appears to increase slightly with de- 
creasing pressure below about 2 mm. 

Based on the assumption that the He arose from the 
reaction of H atoms with toluene, the CH, from 
CH;+toluene and the C.H, from the combination of 
CH; radicals, we have attempted to investigate the 
effect of pressure on the relative rates of production of 
CH; and H by plotting the ratio (CH4+ 2C2H¢)/H2 asa 
function of pressure (Fig. 2). The points on this graph 
are rather widely scattered but it does seem very prob- 
able that the extrapolation of the data to zero pressure 
leads to a positive intercept of between 0.2 and 0.3. 

Subsequent experiments were performed at about 
150° and 400°C (Table II). In general, the results are 
similar to those obtained at 295°; the rate of production 
of hydrogen also goes through a maximum and then 
becomes approximately constant as the pressure is 
increased. The rate of the reaction appears to be moder- 
ately sensitive to temperature but the ratio of hydrogen 
to methane does not appear to be significantly effected 
by changes in temperature. 

The quantum yield for the production of hydrogen 
was measured in the high-pressure region, at the three 
temperatures investigated, by comparing the rates of 
production of hydrogen from toluene at those tempera- 
tures with that from propane at room temperature and 
300 mm pressure. The following values were obtained: 
150°, @H2=5X10-*; 295°, gH2=5X10-; 400°C, 
oH2~ 10—'. Hentz and Burton? did not report quantum 


TABLE I. The reaction of Hg(*P:) with toluene at 295°C. 














104 rate CHa CzHy 
Expt. p (CHs+H2) 
no. (mm Hg) ccN.T.P./min (CHs+H2) (CH4+He2) 
27 0.4 4.33 0.09 0.12 
30 0.6 4.7 0.08 0.09 
26 2.0 Le | 0.18 0.06 
29 3.3 4.97 0.17 0.05 
21 5.0 4.8 0.22 0.05 
22 5.0 4.75 0.29 0.05 
24 6.7 4.17 0.39 0.04 
25 8.2 3.41 0.27 0.10 
23 12.0 3.37 0.33 0.04 
28 15.0 3.08 0.35 0.08 
14 25.0 3.34 0.34 tee 
9 26 3.19 0.41 
10 26 3.59 0.38 tee 
11 26 3.21 0.41 0.06 
15 29 3.36 0.45 tee 
16 30.5 3.74 0.52 
17 30.5 3.72 0.40 
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yields for the photosensitized reaction but obtained a 
value of 6X10-5 at 150°C in the direct photolysis of 
toluene. The quantum yield found in this work is of 
the same order as that found by Scott and Steacie! for 
the mercury photosensitized decomposition of benzene. 


IV. DISCUSSION 


The nature of the products indicates that H atoms are 
produced in the initial step of the reaction between 
Hg(*P) and toluene and the fact that the ratio CH;/H, 
as measured by the ratio (CH4+2C2H¢)/He (Fig. 2), 
extrapolates to a finite value of 0.2 to 0.3 shows that 
methyl radicals are probably also produced in the initial 
reaction. The fact that Rua, when plotted (Fig. 1) as a 
function of pressure, passes through a maximum is not 
inconsistent with the suggestion that an excited mole- 
cule is formed in the reaction of Hg(*P) with toluene, 


Hg (?P;)+CsHs-CH;—C,H;-CH;*+Hg('5o), (1) 
and that the excited molecule can either be deactivated, 
C.H;- CH;*+ M-—-C,;H;- CH;+ M, (2) 


or decompose. Since H and CH; are probably formed 
initially the decomposition may then occur by the 
following two processes: 


C.H;- CH,;*—C,H;- CHe: +H (3) 
—C,Hs:+ -CHs. (4) 


Because of the high temperatures in this investigation 
the ultimate products probably arise by reaction of H 
atoms and CH; radicals with toluene: 











CH3+ CsH;CH;—-C,.H;CH2+ CH, (5) 
H+ Cs6H;CH;—-C,sH;CH:2+ He (6) 
as well as by combination of methyls to form ethane: 
2CH;>C:He. (7) 
5.0 
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Fic. 1. The effect of pressure on the rates of production of Ho, 
CHy,, and CH, at 295°C. 
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Fic. 2. The effect of pressure on the ratio CH;/H2 at 295°C. 


This mechanism certainly accounts for the products 
observed in this investigation and the suggestion that 
an excited molecule is formed is consistent with the 
claim! that an excited molecule is formed in the anal- 
ogous reaction with benzene. However the usual 
assumptions of a stationary state show-that the rate 
of decomposition, taken as (k;+4)7*, where 7* repre- 
sents the concentration of excited toluene, is given by 


the equation: 
(Rs+ha)-Ri-La 
Rp= (ks +hs)T*= ’ (A) 
(ks+ks)+hop 


where p represents the concentration of toluene- 
Equation (A) demands that Rp—0 as p—~, which is 
contrary to the observation (Fig. 1) that the rate be- 
comes essentially independent of pressure between 
15 and 30 mm. 

Furthermore, the mechanism requires CH; and H 
to be formed in similar processes, (3) and (4) and, 
since Ru, was shown to have a maximum value at 
2 mm, Rcu; should also have had a maximum value at 
that pressure. No such maximum has been found. 

Although the mechanism involving an excited mole- 
cule does not appear to be adequate it does seem to be a 
reasonable suggestion in view of the past work on 
benzene! and on other compounds involving carbon-to- 
carbon double bonds. If such a mechanism is to be re- 
tained then one is forced to suggest that more than one 
excited species is formed and that at least one of those 
species is so short lived that it is essentially never 
deactivated and always decomposes: 


Hg(?P;)+ CsHs-CH;—CeH;:CHs3t+Hg('So) 1’) 
C.H;-CH;t—>C.H;:CH2- +H (3’) 
—C,H;-+ -CHs3. (4’) 





The rate of decomposition is then given by the 


equation 
ky (ksthala 


D> x 
ks+kathop 
which allows Rp to attain a finite value (4;'7,) as p>~- 





ki’Ta (B) 
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TABLE II. The reaction of Hg(P1) with toluene 
at 152° and 403°C. 








A. 152(+2)°C 

















104 rate CH, CzHy 
Expt. ? (CH4+H2) 
no. (mm Hg) ccN.T.P./min (CHs+H2) (CH4+H2) 
36 0.6 7.82 0.50 0.24 
33 1.0 10.12 0.50 0.25 
35 3.0 7.66 0.29 0.06 
32 5.0 7.40 0.33 0.12 
34 17.0 3.64 0.50 0.10 
37 30.5 3.16 0.54 0.20 
B. 403(+4)°C 
104 rate CH, C:Hy 
Expt. p (CH4+He2) 

no. (mm Hg) ccN.T.P./min (CHs+H2) (CH4+H2) 
42 0.2 2.41 0.16 0.10 
41 iz 8.06 0.26 0.04 
44 3.0 8.0 ee 0.02 
40 6.0 9.58 see 0.02 
45 10.0 7.83 0.45 0.03 
43 15.0 7.85 0.42 0.01 
39 30.0 7.95 tee 0.02 
38 30.0 7.55 0.43 0.03 








To reconcile this mechanism with the fact that 
Rew; does not have a well-defined maximum, it then 
becomes necessary to postulate that CH; is produced 
only from C.H;-CH;* [reaction (4’)] and not from 
CeH;-CH;* as suggested by reaction (4). 

The suggested mechanism thus accounts qualita- 
tively for the effect of pressure on the rate of decom- 
position of toluene. It may now be examined in rela- 
tionship to the effect of pressure on the rates of produc- 
tion of the individual products. 

The rate of production of hydrogen, in the region of 
complete quenching is given by the equation 


Ri2= ks H |p = kal *¥+kyT’ 


kiks ky 
=1.( + ) (C) 
Roptks kathy 


which is of the same type as Eq. (B) and is consistent 
with our observations on the effect of pressure on Ru. 

Making the usual stationary state assumptions we 
find the concentration of CH; to be 


[ : 1 | (% AkyRakrT ; k (D) 
cHJ=—| (ke 4+) %a | 
—_ wat 


The fact that RcoHs appears to be independent of 
pressure between 5 and 30 mm indicates that [CHs] 
is also independent of pressure in that region. This is in 
accordance with Eq. (D) if 4hi/RakzTa/(ks’ +h4) >>ks 
since Eq. (D) may then be simplified to 


(CH : | kykala } 
ss... CT? 

kr (Rs +ha:) 
i.e., that [CH;] is independent of pressure. This leads 
to the equation 





=a (D’) 


Rew,=ks_CH; ]p= ksap, 
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requiring Row, to be a linear function of pressure. The 
results shown in Fig. 1 are not in disagreement with this 
requirement. 

This mechanism is certainly oversimplified, since no 
attention was paid to reactions of H and CH; with the 
heavier radicals produced, which were tacitly assumed 
to disappear entirely by combination processes not 
involving H or CH;. Al-o the following reactions of 
H and toluene 


H+ C,H; = CH;—-C,He+ CH; 
—* C.He ; CH; 


(6’) 
(6’’) 
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the first of which was suggested by Szwarc® and the 
second of which appears to be a very probable process, 
have not been included specifically in the mechanism. 
All of these reactions doubtless occur and reactions 
such as (6’’) and 


H+ C.Hs- CH,-—C,H;CH; (8) 


could be responsible for the low-quantum yield. How- 
ever, further discussion would be largely speculative 
and would require much more detailed experimental 
results and a complete kinetic treatment of the data. 


5 M. Sawarc, J. Chem. Phys. 16, 128 (1948). 
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Quantum yields for the photochemical decomposition of aqueous MnO, have been measured under a 
variety of conditions using a sensitive method for measuring O:2 production, first developed by Pringsheim 
and co-workers. The quantum yield was found to depend strongly on the wavelength of the light, slightly on 
temperature at the longer wavelengths, and not at all on the composition of the solution or on light intensity. 
Additional experiments were carried out which showed that the isotopic composition of photochemically 
produced O2 was independent of the O-isotopic composition of the solvent water. These results lead to the 
conclusion that the radiant energy absorbed by the MnO, ion is converted with high probability into 
vibrational energy of the ground state, after which the ion dissociates thermally into MnO and O: (ina single 
act) or cools down witkout dissociation (the position of the extra electron is uncertain). A possible quantita- 
tive theory which predicts fairly successfully the dependence of the quantum yield on wavelength is outlined. 


I. INTRODUCTION 


OR some time it has been known that neutral or 
alkaline-aqueous solutions of permanganates are 
photochemically decomposed! to give O2(g) and either 
Mn0O,(s) or MnO,=(aqg), the final product depending on 
the pH of the solution. Several studies** of this photo- 
chemical reaction have been made but do not seem to 
allow for more than an order-of-magnitude estimate of 
a quantum yield. The present work consists of measure- 
ments of quantum yields for the reaction under a 
variety of conditions, together with some tracer experi- 
ments using the isotope, O'8; from the experimental 
results a reasonably detailed mechanism for the primary 
photochemical process can be constructed. 
Although MnO ¢ is thermodynamically unstable with 
respect to oxidizing water at all pH’s, the rate of the 





* This work was carried out as a Lindsay Light and Chemical 
Company pre-doctoral fellow in the department of chemistry of 
the University of Chicago, and was presented there in partial 
fulfilment of the Ph.D. degree. 
asi Mathews and L. H. Dewey, J. Phys. Chem. 17, 211 

* E. K. Rideal and R. G. W. Norrish, Proc. Roy. Soc. (London) 
A103, 342 (1923). 

*A. L. Sundara Rao, Proc. Indian Acad. Sci. 6A, 293 (1937). 


reaction for neutral and moderately alkaline solutions 
is too small to detect at room temperature.‘ In highly 
alkaline solutions and acid solutions of <pH 3°’ the 
thermal decomposition increases considerably; there- 
fore, because of this decreasing stability and also in 
order to preserve the identity of the light-absorbing 
species,*® the experimental solutions were restricted to a 
pH range of 6.8 to 13. 

It is possible that MnO; could photosensitize the 
decomposition of HO into H2 and O: as has been shown 
to be the case with BrO;— ;° however, it has been found 
(in connection with the tracer experiments described 
below) that the gas produced photochemically was 
pure O» (100.0+0.5 percent). 


‘For example, over a period of nearly a year, no significant 
change could be found in the concentration of a neutral 0.004 m 
KMnQ, solution, rigorously shielded from light. Also the same 
solution in a sealed tube heated to 300°C, held there for about 
1 minute and cooled, showed only slight decomposition and that 
because of a heterogeneous reaction at the wall. 

5 J. Holluta, Z. physik. Chem. 115, 143 (1925). 

6 F. R. Duke, J. Am. Chem. Soc. 70, 3975 (1948). 

7M. C. R. Symons, J. Chem. Soc. 3956 (1953); 3676 (1954). 

8In acid solutions the molecules HMnO,, H2MnO,*, Mn2O; 
begin to appear. 

9L. Farkas and F. S. Klein, J. Chem. Phys. 16, 886 (1943). 











II. EXPERIMENTAL PROCEDURE 


A. Measurement of the Photochemical 
Reaction Rate 


In all experiments to be described, the rate of Oz 
production was measured with the type of apparatus 
developed by Pringsheim, et a/.!°:"! The method is based 
on the great sensitivity and the reproducibility of the 
reversible quenching of phosphorescence of the dye, 
trypaflavine (acriflavine), adsorbed on silica gel, by 
Oz gas.” A typical quenching curve is shown in Fig. 1. 
Note that reasonable precision requirements limit one 
to Oz partial pressures below about 15X10~° mm Hg, 
as the quenching becomes quite insensitive to Os: 
pressure at higher values. 

The apparatus shown schematically in Fig. 2, is 
designed to record continuously the quenching caused 
by Os» gas contained in a stream of N2 gas at one atmos- 
phere. Following the Ne in its journey through the 
apparatus, we find [1] capillary flowmeter, [2] heated 
column containing finely divided copper to remove 
traces of Ov," [3] test solution contained in a cell 
[ Fig. 2(b) ] with a sintered glass-gas bubbler to provide 
for rapid exchange of O2 from solution to Ne gas stream, 
[4] liquid Ne cooled trap to remove water vapor from 
the gas stream, [5] trypaflavine phosphor, and [6] 
bubbler. Stopcocks are arranged so that different parts 
may be separately evacuated or flushed with pure No. 
The phosphorescence intensity is measured with a 931 A 
photomultiplier tube in conjunction with a Bequerel 
rotating sector phosphoroscope" with a period of 0.03 
sec. The current from the photomultiplier tube is of 
the order of one wa and is amplified by a General Radio 
Company type 715 A, dc amplifier to around 5 ma and 
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Fic. 1. Quenching of trypaflavine phosphorescence by O2 gas. 


( 10 oz Pringsheim, and Terwood, J. Chem. Phys. 12, 295 
1944). 

For further details see G. Zimmerman, thesis, Chemistry 
Department, University of Chicago. 

2H. Kautsky and A. Hirsh, Z. anorg. u. allgem. Chem. 222, 
126 (1935). 

13 F, B. Meyer and G. Ronge, Z. angew. Chem. 52, 63 (1939). 

4 P, Pringsheim, Fluorescence and Phosphorescence (Interscience 
Publishers, Inc., New York, 1949). 
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recorded on an Esteline-Angus recording dc milli- 
ammeter. 

Figure 3 shows two examples of original records, 
(A) being a set of calibration measurements, and 
(B) being several measurements of photochemical pro- 
duction of O, from 0.004 m KMn0O, solution." The 
calibration is effected by introducing [from reservoir 7 
in Fig. 2(a)] to part of the system, including the 
phosphor and initially evacuated, a small quantity of 
air; then measuring the pressure with a McLeod gauge 
while the quenching is recorded as in the figure. The 
sample of air is then pumped out and the procedure 
repeated to give a number of points. A total pressure 
of <10-* mm Hg is taken as the standard for “no 
oxygen” and gives to within 1 percent the same “base 
line” as carefully purified Ne» gas. Figure 3(A) shows 
that the quenching is completely and rapidly reversible, 
the only lag being a result of the finite speed of pumping 
out the gas. The small instability is typical and entirely 
due to electronic causes. A separate calibration was 
made before each run with a given solution; the calibra- 
tion curves differ significantly but not greatly. In 
practice the test solution was flushed (to remove 
dissolved O,) through a by-pass [Fig. 2 (A) ], the 
phosphor remaining in vacuo. After sufficient flushing 
the gas stream was diverted into the phosphor section 
until the pressure therein had reached 1 atmosphere, 
whereupon the by-pass was closed and the gas stream 
caused to flow over the phosphor. With care this opera- 
tion could be managed so that conditions in the cell 
remained constant throughout. The shape of the curves 
immediately after the illumination is started [ Fig. 3(B); 
1, 3, 5] or cut off [Fig. 3(B); 2, 4, 8] is due to (a) a 
30-sec lag, representing the time for an element of the 
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side view 


Fic. 2. (A) Gas-flow system of oxygen analyzing apparatus. 
(B) Reaction cell. 


15 All permanganate solutions were made with Baker’s Analyzed 
Reagent grade KMnQ,. 
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Fic. 3. (A) Record of calibration of the oxygen apparatus. (B) Record of photochemical oxygen production. 


gas stream to travel from the cell to the phosphor (b) 
the saturation of the solution with O2 and sweeping out 
of dissolved O2. Measurements were made by adjusting 
the light intensity so that a steady state of photochem- 
ical Op production was reached [as at 4, 7, and 8 in 
Fig. 3(A) | within the range of calibration. Thus, know- 
ing the carrier gas (N2) flow rate and the quenching 
curve, the rate of O2 production could be obtained. The 
small “background” quenchings often found were due to 
incomplete removal of traces of O2 from the Ne gas and 
not to any dark chemical reaction in the cell (see Table I 
for numerical examples). Since the total amount of 
reaction for a given run never exceeded 0.1 percent of 
the amount of reactant present, initial rates were 
measured, uncomplicated by the accumulation of sig- 
nificant amounts of products. 


B. Measurements of Light Intensity 


In studying quantum yields (nearly) monochromatic 
light was obtained by the use of mercury arcs and 
appropriate filters (to isolate lines).!® For convenience 
single wavelengths will be written although in some 
cases the radiation actually consisted of several close 
lines. Speaking thus, the wavelengths used were (in A) 
2537, 3130, 3650, 4050, 4360, and 5790. The 2357 A light 
came from a low-pressure mercury-arc lamp (G.E. 
4-watt germicidal) and that of the other wavelengths 
from a high pressure mercury arc (usually G.E. AH4) 
with the glass envelope removed. In all cases the ac or 
dc power came from special voltage stabilizers. The 
optics used quartz lenses arranged so that there was a 
parallel portion of the beam within which could be 
mounted calibrated screens or filters and so that a 





*E. J. Bowen, The Chemical Aspects of Light (Oxford Uni- 
versity Press, London, 1946), second edition. 





slightly divergent pencil of light entered the reaction 
cell [Fig. 2(B)] through a quartz window at the top, 
having been reflected downwards by a front-surface 
aluminized diagonal mirror. For all solutions and wave- 
lengths, light absorption in the reaction cell was com- 
plete or very nearly so, and thus was independent of 
small variations of the geometry of the solution, which 
was constantly stirred by streams of gas bubbles. 

For all but the two longest wavelengths absolute 
quantum fluxes were measured actinometrically with 
uranyl-oxalate solution!’ irradiated in the reaction cell 
under the same conditions used with permanganate 
solutions. It was found that, after the sintered glass 
disk was wet with solution, 3 cc portions could be put 
into or taken out of the cell surprisingly reproducibly 
with a long hypodermic needle. To avoid volume 
changes in the solutions during long exposures, the N» 
gas was saturated with water vapor before it reached 
the cell. Relative quantum fluxes for the same wave- 
lengths were checked periodically with the fluorescence 
photometer devised by Bowen!'*; relative quantum 
fluxes for the four longest wavelengths were measured 
with a Weston Type 1 photronic cell, using spectral 
sensitivity data supplied by the manufacturers. The 
uncertainty in the absolute quantum fluxes calculated 
for the two longest wavelengths was estimated to be 
+5 percent and for the other wavelengths +2 percent. 
The radiation from any given lamp was monitored at 
all times with the same type Weston Cell, refitted with a 
quartz window and placed so as to receive the radiation 
from either the mercury lamp or a standard carbon- 
filament lamp (U. S. Bureau of Standards) mounted in 


17G. S. Forbes and L. J. Heidt, J. Am. Chem. Soc. 52, 2363 


(1934). 
18 EF, J. Bowen, Proc. Roy. Soc. (London) A154, 349 (1936). 







































































828 GEORGE ZIMMERMAN 
TaBLeE I. Quantum yields of permanganate decomposition.* 
Oz pressure, mm Hg X105 
Photo- Oz molecules Percent 
chemical Ne flow produced incident a 
Wave- Back- steady Corrected for rate cc per sec light Photons absorbed Quantum yield 1 
length ground state background per sec x<10-u absorbed per sec X10-4 x<10-4 2 
2537 0.8 12.9 11.9+0.1 6.79 4.78+0.5 100.0 0.087 +0.003 550+ 25 3 
3130 0.8 13.4 12.6+0.1 6.59 4.91+0.5 100.0 1.030.03 48+2 4 
3650 0.4 10.2 9.8+0.1 6.53 3.78+0.5 100.0 1.65+0.03 23+1 
4050 0.7 8.6 7.9+0.1 6.53 3.05+0.5 97.4 2.76+0.06 11.0+0.5 5 
4360 0.5 6.1 5.6+0.1 6.53 2.16+0.5 95.6 13.4+0.3 1.610.07 
5460 0.4 6.9 6.5+0.1 6.53 2.51+-0.5 100.0 183+9 0.14+0.01 6 
5780 0.4 2.2 1.80.1 6.53 0.69-+0.5 100.0 69+4 0.10+0.01 7 
a All data refer to a 0.01 m solution of KMnOu, pH =6.8-7.0, 25-30°C; estimated uncertainties given. 8 
a fixed position relative to the photronic cell and _ In all cases samples of CO: gas were analyzed mass- 9 
operated with a fixed voltage drop. In this way changes spectrometrically for oxygen isotope abundances with 
of intensity with time of the mercury lamps could be the high precision instrument constructed by H. C. 10 
compared directly with the standard lamp. The meas- Urey and co-workers." Preliminary chemical operations 
urements showed that the maximum variation of in- were carried out as follows: for isotopic analysis of ‘ 
tensity over a period of several hours rarely exceeded water, the sample (about 6 cc of liquid) was equilibrated — 
5 percent; however, from day to day, the maximum for a period of six days at a fixed temperature (28.1°C 
variation was about 10 percent. Intensities used to in this work) with about 20 cc of COs: gas at 1 atmos- distille 
calculate quantum yields were corrected for these phere pressure. Since the amount of water is very much system 
variations. The responses of the photronic cells were greater than the amount of COs, one can neglect the CO sa 
found to be strictly linearly dependent on the light change in isotopic composition of the H,O and assume diluted 
intensity within the intensity ranges used. safely that (after correcting for the equilibrium frac- isotopic 
tionation)” the composition of the CO. and H,0 are In orde 
C. Tracer Experiments with O'8 the same; for isotopic analysis of Os, it was quantita- of H.O 
The principal experiment consisted of photochemi- tively converted to CO: by coneinatenn with the exactly determ 
cally decomposing a solution of KMnQ, of known ae tent ——— of oe CO _ the a - Hg0 in 
O-isotopic composition in water also of known and !Ying out this conversion (Fig. 4) was designed to verted 
different (about 2-fold enriched in O'*) 0-isotopic com- handle small amounts of gas (5 ccat 1 atmos) upon and Hy 
position and comparing the isotopic composition of the tively. Starting with a sample af pure Os in a veme — 
O» gas formed with that of the KMnO, and the water. connected at the ground joint, 7, the gas was a yzed a 
In addition the small (but not insignificant) rate of slowly a volume 2 of the Toepler pump through the (see Ta 
exchange of O atoms between MnO¢ and HO at room liquid N: cooled —— * Poms fig) vapor pnepee Oxy 8 
temperature was measured, in order to be able properly then compressed into the calibrated volume, 4, and its posing ¢ 
to correct the results of the photochemical experiments. Van ane peeneene cavetully coroner © pitt. 
sample was then temporarily “stored” in the catalyst carried « 
vessel (5). A sample of CO gas from the reservoir was in an oi 
ow then admitted to volumes 2, 3, and 4, and its pressure position 
as. carefully adjusted so that the amount left in 4 would be minute. 
equivalent to the amount of O». After the residual CO the vess 
a in volumes 2 and 3 was pumped out, that in 4 plus the space, ( 
“a 6 conorenme Oz in 5 were expanded into volume 2, and then alter- so that 
> "y nately expanded and compressed on to the catalyst chemist 
three or four times. The sample was transferred back copper-s 
to volume 4 in order to measure the amount carefully condensi 
and then condensed in the trap with liquid N»2. The 25°C. Ir 
(—_ amount of residual noncondensible gas provided a sensi- the vess 
© Uy) tive test of completeness of the reaction, and showed solution 
i that the average deviation from the correct stoicht- wax. Th 
- ometry in carrying out the conversion of Oz to CO» was Producex 
+1 percent. The CO, sample condensed in the trap test for 
was pumped free of traces of noncondensible gas and solutions 
7 id 9 H. C. Urey, Science 108, 489 (1948). Fig. 4, 
Se ” H.C. Urey, J. Chem. Soc. 562 (1947). KMn0, 
1 Prepared by adding slowly (in vacuo) carefully purified describec 
Fic. 4. Apparatus for tracer experiments. sodium formate to pure, degassed, concentrated H2SO,. 
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TABLE II. Oxygen isotope analyses. 











Isotopic 
Compound Description of sample Preparation for analysis composition® 
1 H,0(/) Normal CO, equilibrium 0.940 
2 Enriched No. 1 CO, equilibrium 1.790 
3 Enriched No. 2 CO: equilibrium 1.468 
4} From HgO CO: equilibrium 0.973 
5 CO2(g) Reservoir None 0.981 
6 CO(g) Reservoir — 0.999 (calc) 
7 KMn0,(s) Baker’s analyzed reagent and the same recrystal- Thermal decomp., 
lized from normal H,O react O» with CO 0.940+0.004 
8 Equilibrated in solution with enriched H,O No. 1 Thermal decomp., 
for 20 hours, 25°C react O2 with CO 1.028 
9 O2(g) From photochemical decomposition of solution of React with CO 0.923 
KMn0,j in normal H;0 for 4 hours, 25°C 
10 From photochemical decomposition of solution of React with CO 0.943 


KMn(Q, in enriched H,0 for 4 hours, 25°C 








* Expressed as a fraction of percentage composition of an arbitrary standard. 


distilled into the container, (C), now attached to the 
system at 7. For convenience in analysis, some of the 
CO. samples prepared as described were isotopically 
diluted with a measured amount of CO: of “normal” 
isotopic composition taken from the reservoir shown. 
In order to compare isotopic analyses of O2 with those 
of H,O, the isotopic composition of the CO gas was 
determined indirectly by splitting a portion of pure 
HgO into two parts, of which one was completely con- 
verted to Hg and O: by heating, and the other to Hg 
and H,O by reduction with H, gas. The H,O and O, of 
identical isotopic composition thus obtained were ana- 
lyzed as described and the CO composition calculated 
(see Table II below for numerical examples). 

Oxygen gas was obtained by either thermally decom- 
posing dry KMnO,j crystals or photochemically decom- 
posing a solution. The thermal decomposition was 
carried out in the vessel (B) (Fig. 4) by rapid immersion 
in an oil bath at 290°C; at this temperature the decom- 
position reaction reached completion in less than one 
minute. Photochemically produced Oy» was collected in 
the vessel (D). The Pyrex heat filter, (£), fits into the 
space, (D), and the mercury lamp into the space, (£), 
so that nearly all the light is utilized for the photo- 
chemistry. An air-bubble lift pump, (F), circulated 
copper-sulfate solution through (£) and through the 
condenser, thus keeping the solution in (D) close to 
25°C. In carrying out a photochemical decomposition, 
the vessel (D) was filled up to the bulb with KMnO, 
solution and sealed to the system at 7 with Apiezon W 
wax. The dissolved air was pumped out and the Oy gas 
produced photochemically, collected as described. To 
test for the O exchange between MnO, and HO, 
solutions were equilibrated in the vessel shown in (B), 
Fig. 4, and water was rapidly pumped off, the solid 
KMn0, thoroughly pumped and then decomposed as 
described. All solutions were made with reagent grade 





KMnQ, and normal or enriched water,” and along with 
each photochemical experiment was.run a dark and 
illuminated exchange control.”*:*4 


Ill. EXPERIMENTAL RESULTS 


The quantum yield, ¢, of O2 production®® was found 
to be independent of steady and varying light intensity 
to an estimated precision of 1 percent. Figure 3(B) 
shows one of several experiments (wavelength = 3650 A) 
with flashing light. The flat portion of the curve immedi- 
ately before point 7 represents a steady O» production 
under illumination produced by interrupting the light 
of a dc mercury arc 240 times a second with a rotating 
sector which diminished by exactly one-half the in- 
tensity of the arc. At point 7 the sector was quickly 
stopped in the “open” position and a screen (which 
also halved the intensity) inserted in the parallel portion 
of the light beam; as can be seen, the Oz production, 
and hence the quantum yield, remained constant. At 
point 6 both screen and rotating sector were serving to 
quarter the average intensity and the calculated O, 
pressure for this plateau is 6.3X10-> mm Hg, as com- 
pared with 12.7 for the plateau at 7, demonstrating no 
dependence on intensity. This sort of result established 
the independence on intensity over about a ten-fold 
range of variation for each wavelength. The flashing 
light experiments suggest the absence of any not-too- 
rapid competing dark-back reactions of chemical inter- 


2 About seven-fold enriched (about 1.5 percent O'*) D,O 
(Stewart Oxygen Company, authorized by the U. S. Atomic 
Energy Commission) was the starting material; for all the experi- 
ments portions of this were diluted with normal HO to give an 
approximately two-fold enriched sample. The small deuterium 
error introduced in the calculation of the H,O-CO:, equilibrium 
constants by the presence of deuterium is insignificant here. 

3 J. P. Hunt and H. Taube, J. Chem. Phys. 19, 602 (1951). 

24H. Taube and J. P. Hunt, J. Am. Chem. Soc. 74, 5999 (1952). 

25 Defined as Oz molecules produced per second 


photons absorbed per second 
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Fic. 5. Quantum yield of permanganate ion decomposition 
as a function of wavelength. 


mediates** and made it possible to use 60-cycle-ac or de 
mercury arcs interchangeably. 

The dependence of ¢ on wavelength is shown in 
Table I and Fig. 5. The basic measurements needed for 
the calculation of ¢ are included in the table as a sample 
of the magnitudes involved. In Fig. 5 the estimated 
accuracy for each point is given by the length of the 
vertical line; the vertical lines dividing the graph 
represent the position of the minima between the three- 
electronic absorption bands of the MnO, spectrum 
(see Fig. 6). Irradiation with red light (45 kcal) resulted 
in a definite photochemical reaction for which ¢ would 
fall roughly on the line in Fig. 5. This result is omitted 
because of its poor precision. 

Table III summarizes some typical evidence for con- 
cluding that, within the experimental uncertainty, ¢ is 
independent of the concentration of MnO;-, pH (within 
the limits set), and the presence in the solution of Cl- 
or MnO;-. It was thought that Cl- or MnO, might 
act as inhibitors by reaction with unstable inter- 
mediates. 





3.0 





Lad 
wa 


~ 
° 








CC 
ae 
ico 
ra 
= 








an 
= 
Peed 


MOLAR ABSORPTION COEFFICENT x 107° 


























2000 3000 4000 5000 6000 
WAVELENGTH (A) 


Fic. 6. Absorption spectrum of aqueous permanganate ion. 
26W. A. Noyes, Jr. and P. A. Leighton, The Photochemistry of 


Gases (Reinhold Publishing Corporation, New York, 1941), pp. 
202-209. 


Only with light of wavelengths 4360 A or greater was 
@ found to be significantly temperature dependent 
(see Fig. 5). The strongest temperature dependence 
was found with light of the longest wavelength (5780 A) ; 
an Arrhenius plot for the wavelength yielded an ap- 
parent “activation energy” of 4 kcal/mole. The tem- 
perature dependence decreased slightly with decreasing 
wavelength. 

The MnO,;-—H,0 oxygen exchange rate has been pre- 
viously studied by Mills?” and by Hall and Alexander,” 
in both cases at 100°C only, with concentrated solutions, 
and by analyzing the water through density differences. 
Their results show that exchange in neutral solution at 
100°C is practically complete in 4-12 hrs, there being 
no significant difference within wide limits of error for 
alkaline solutions. Present results (e.g., 8, Table II) 
yield an average initial rate of 0.5 percent exchange per 
hour for dilute, neutral solutions” at 25°C+2° (pre- 
cision not high because of poor temperature control). 
Table II shows typical results for thermal and photo- 
chemical decomposition of MnO,-; the small difference 
between 7 and 9 is no doubt due to different fractiona- 
tions. If 10 is corrected for the small amount of ex- 
change” taking place during the irradiation, agreement 
with 9 is better than 0.5 percent (similarly with two 
duplicate experiments). From this one can conclude 
unambiguously that all the O2 gas produced comes from 
the MnO; ions.” 


IV. DISCUSSION OF THE MECHANISM 


The experimental facts can be summarized as follows: 
(1) The quantum yield, ¢, is small compared with 
unity and decreases monotonically with increasing 
wavelength from 0.05 at 2537 to 10-*® at 5790A 
(Fig. 5); (2) @ is independent of pH, concentrations of 
reactant, products, and possible inhibitors (there is no 
indication of thermal back reactions) ; (3) at the longer 
wavelengths only, there is a small positive-temperature 
coefficient of ¢, decreasing with decreasing wavelength; 
(4) All of the atoms of the photochemically produced 
O» came from the MnO¢ ions. These results show that 
the primary photochemical reaction*! must be a simple 
dissociation of the MnO, into two fragments and that 
no appreciable electron exchange between the dissocia- 
tion fragment destined to become O2 and H,O or OH™ 
can occur. Table IV gives the reasonable possibilities 
and estimated values of AH® for each. One might guess 
that the energy for a single dissociation into MnO: 
and Oy (neglecting for the moment the position of the 


27G. A. Mills, J. Am. Chem. Soc. 62, 2833 (1940). 

( 28 “4 F. Hall and O. R. Alexander, J. Am. Chem. Soc. 62, 3455 
1940). 

In solutions of pH near 1 exchange was complete in 20 
minutes. 

® Irradiation did not have any noticeable effect on the rate of 
exchange. : 

31 The course of the thermal reactions subsequent to the primary 
photochemical process to give chemically stable final products wil 
not be considered; the possibilities are restricted, however, by the 
tracer result. 
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TABLE III. Dependence of quantum yield on composition of solution.* 











pHe— 6.8 7.0 7.0 6.9 10 12.6 14 13> 14¢ 
MnO.s-—molarity 0.01 0.004 0.001 0.0004 0.004 0.01 0.005 0.004 0.005 Average® 
Es A= 2537 5.5 5.4 5.1 5.6 — 5.6 5.1 — 5.4 5.4+0.2X107 
as A= 3650 2.3 2.0 2.0 1.9 2.1 2.1 2.0 2.0 2.2 2.140.110 
On r=5640—- 1.4 1.4 1.3 1.3 1.3 1.5 1.5 — — 1.440.110 








s All quantum yields in any row should be multiplied by the power of ten given in the last column. 


b0.1 m KCl added. 

¢ 0.0005 m K2eMnO, added. 

4 Mean deviations given. 

¢ Measured with a glass electrode. 


electron) would be smaller than for dissociation into 
MnO; and O. A mode of vibration of the tetrahedral 
MnO, consisting of the proper superposition of two 
nondegenerate normal modes (of class F2) could lead 
to a dissociation where simultaneously two Mn—O 
bonds are broken and an O—O bond formed. Roughly 
speaking, if the O—O bond energy (118 kcal/mole) is 
larger than the average Mn—O bond energy, our guess 
might be correct. This qualitative feeling is confirmed 
by the AH® values in Table IV; the height of the energy 
barrier for dissociation would certainly be larger than 
these AH’s, which refer to final equilibrium states, 
i.e., to physically though not chemically stable inter- 
mediates. From the observed photochemistry, it seems 
as though the first two possibilities in Table IV must 
be ruled out; for, taking radiation of the lowest energy 
which still gives rise to photochemistry, 45 kcal, and 
adding 5-10 kcal as the maximum thermal energy which 
is available for the dissociation, one obtains 50-55 kcal 
as the upper limit for AH® of any possible dissociation 
reaction. If, as there is reason to believe from similar 
photochemical behavior at other wavelengths, the pri- 
mary reaction is the same for all wavelengths, we can 
conclude that MnO, dissociates into MnO, and On, 
where the position of the extra electron is left uncertain. 
Additional evidence against the presence of O- or O as 
an intermediate is provided by the failure of Cl- or 
MnO- to inhibit, and the lack of exchange of O men- 
tioned before.” 

The absorption spectrum of MnO, (see Fig. 6)* 
consists of three distinct bands representing electronic 
excited states. The two longer wavelength bands show 
traces of vibrational structure which become sharp lines 
for solid solutions of MnO; at —253°C;* these bands 
have been explained and analyzed successfully in terms 
of a molecular orbital treatment by Wolfsberg and 
Helmholz.*> The short wavelength band shows no 
structure under any conditions (so far), and may repre- 
sent an electron transfer spectrum involving the neigh- 
_ = There is evidence for exchange between OH (or O-) and H,O 
in Forshheimer and Taube, J. Am. Chem. Soc. 74, 3705 (1952). 


*% Measured with a Beckman spectrophotometer (Model DU). 
0s) Teltow, Z. physik. Chem. B40, 397 (1938); B43, 198 


(1 
(i9say Wolfsberg and L. Helmholz, J. Chem. Phys. 20, 837 


boring solvent molecules.***7 Most probably the short 
wavelength band, and certainly, the other two represent 
transitions to stable-electronic excited states; hence, the 
absence of fluorescence of MnO, solutions implies, 
roughly, that the half-life of the excited state is ~10-” 
seconds, and that within this time interval predissocia- 
tion or internal conversion must occur with a high 


TABLE IV. Heats of reaction. 














Oxidation Estimated AH? for 
number of Productsé® of MnO. products 
Mn in product decomposition (kcal/mole) 
6 MnO; +07 +71+10 
— 79 +20> 
5 MnO;- +0 +111+10 
—754 +56° 
4 MnO, (c)+0.- +98 
—124 +34 
3 MnO,- +02 +11+5 
—115¢ —4 





8 Estimated as follows: from the series, MnO3 +H20 ~H2Mn0Oi— MnO,-— 
1 2 





+2H* the AH® of formation of MnO; may be related to that of MnO,4~~ if 
AH°'s for 1 and 2 are known. Assume that AH® for 1 is small and negative; 
for 2, AF® and AS® come from guessing the ionization constants and en- 
tropies from the semiempirical generalizations discussed in W. M. Latimer 
(Oxidation Potential (Prentice-Hall, Inc., New York, 1952), second edition]; 
R. E. Connick and R. E. Powell, [J. Chem. Phys. 21, 2206 (1953)] and 
E. L. King [J. Chem. Educ. 30, 71 (1953) (see also references in bibliog- 
raphy) ]. There is perhaps as much as 10 kcal uncertainty, probably less. 
These values (hence those in the third column) are lower limits because 
of the assumption regarding step 1. The AH® for MnO«-~ comes from the 
AF° given in Latimer, plus an entropy estimated according to Connick 
and Powell. The procedure is similar for MnO3~; here AF® for the ion, 
MnO.-~—~ [see H. Lux, Z. Naturforsch. 1, 281 (1946)] is estimated by 
considering that (from semiquantitative observations) about equal con- 
centrations (10-2 m) of MnO«--~ and MnO," exist in equilibrium with 
MnOs2(c) and with aon—- =10. 

b Calculated from the sequence, O(g) ~O~(g) ~O~(ag); the value for 1 

1 2 


is from M. Metlay and G. E. Kimball, J. Chem. Phys. 16, 774 (1948), 
that in Latimer being from older data and probably less reliable. For 2 
the hydration energy of O~ relative to Cl~ is estimated from a plot against 
1/r (ry =ionic radius). 

¢ The heat of solution was assumed to be about the same as for argon 
[see also N. Uri, Chem. Revs. 50, 375 (1952) ]. 

d AF° is taken from Latimer; S® is guessed to be 10+10 eu (see also Uri). 

e AF® obtained from estimated solubility of Mn(OH)s: in concentrated 
NaOH; S° taken from Connick and Powell. 

fWhat is really wanted would involve molecularly dissolved MnOs, 
hence this value would need to be increased by 10 or 20 kcal. 

« The numbers under the molecules are estimated AH®'s of formation 
from the elements; except where noted all values are for dilute aqueous 
solutions. Where not explicitly noted thermodynamic values come from 
Latimer. 


36 FE. Rabinowitch, Revs. Modern Phys. 14, 112 (1942). 

37 J. Franck and R. L. Platzman, L. Farkas Memorial Volume. 
Research Council of Israel Special Publication No. 1 (Interscience 
Publishers, Inc., New York, 1952). 
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TABLE V. Theoretical and observed quantum yields. 











Wavelength A obs X104 dcale X104 
2537 550 282 
3130 48 70 
3650 23 22 
4050 11 6 
4360 1.6 1.4 








probability.** The latter alternative seems preferable; 
i.e., that the molecule undergoes a radiationless transi- 
tion to a high vibrational level of the ground state. If, 
however, predissociation occurs, the small quantum 
yields would have to be ascribed to primary recom- 
bination of the two fragments remaining in the same 
solvent “cage” and the dependence of yield on wave- 
length to a greater probability of escape of the more 
energetic fragments. It seems more likely that internal 
conversion produces “hot” (i.e., containing excess 
vibrational energy) MnO; ions which dissociate ther- 
mally with a certain probability within the interval of 
“cooling off.”” Thus, one would expect the probability 
of dissociation (hence the quantum yield) to increase 
with decreasing wavelength since the molecule has 
available more energy and a longer time interval for 
dissociation. One might expect also that when the 
excitation energy differs only slightly from the threshold 
energy (for dissociation) the amount of equilibrium 
thermal energy contained in the molecule before excita- 
tion would begin to influence the dissociation proba- 
bility and hence give rise to the temperature dependence 
found at the longer wavelengths. 

A quantitative theory for the dependence of quantum 
yield on wavelength based on the above picture and 
following the ideas of Eyring, et ai.,* Magee,” and 
others"! can be constructed as follows: Assume that all 
excess electronic energy of a molecule which has just 
absorbed a photon becomes vibrational energy (of the 
ground state) and becomes randomly distributed among 
the various modes within a time interval short com- 

38 J. Franck and H. Sponer, Contribution to the Study of Molecular 
Structure (Maison Desoer, Liege, 1947-1948). 

® Rosenstock, Wallenstein, Wahrhaftig, and Eyring, Proc. 
Natl. Acad. Sci. U. S. 38, 667 (1952). 


40 J. L. Magee, Proc. Natl. Acad. Sci. U. S. 38, 764 (1952). 
41 See bibliographies in references 39 and 40. 
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pared to the cooling time. The “hot” molecule cools 
according to the solution of the heat-conduction equa- 
tion for a point source in an infinite medium. If the 
initial (¢=0) electronic energy is E, the energy at any 
time, /, thereafter is e, and the equilibrium thermal 
energy is é, then e=éy+(E—ew)e, where 6 is a 
constant depending on the solvent. Let the probability 
that a hot molecule decompose within a time interval, 
dt, be P(t)dt; since e and ¢ are functionally related, 
P(t)dt=p(e)dit. Assume that p(e)=ki(1—e*/e)"" for 
e>e and 0 for e<e’; for a given type of molecule f; is 
a constant, and e° is a threshold energy below which no 
dissociation can occur. This relationship has been 
derived by Kassel? and others for the case of n 
weakly coupled classical oscillators and applies to one 
particular mode of dissociation (which may be de- 
generate). The quantum yield, ¢, being the total proba- 
bility that the molecule will dissociate at some time, 
becomes for the above assumptions (and neglecting é, 
compared to the values of e in which we are interested) 


(1 <= x) n—l 


1 
o=h f 
0/E x 


e 








dx, 


where «= e’/e. The function 1/x varies with e so weakly 
compared to the rest of the integrand that it can be 
considered constant, giving 


o=k3(1—e/E)". 


For very large E, @ should approach 1, hence k3;=1. 
Assuming, as before that e=50 kcal/mole, the best fit 
with the experimental data is found for n=6 (see 
Table V). In view of the rather drastic assumptions 
made, it is not surprising that m is less than 9, and it 
seems reasonable to conclude that the experimental data 
is quantitatively consistent with the mechanism de- 
scribed. 
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Substituted Methanes. XXVI. Raman and Infrared Spectral Data, Assignments, 
Potential Constants, and Thermodynamic Properties for CHBrCl, and CDBrCl,* 


SANTIAGO R. Poto,t ANN Pat, Frep L. Voretz, Forrest F. CLEVELAND, AND ARNOLD G. MEISTER, 
Spectroscopy Laboratory,t Department of Physics 


AND 


RicHArD B. BERNSTEIN$ AND RoBEertT H. SHERMAN, Department of Chemistry, 
Illinois Institute of Technology, Chicago 16, Illinois 


(Received August 30, 1954) 


Raman displacements, semiquantitative relative intensities, and quantitative depolarization factors for 
liquid bromodichloromethane and deuterobromodichloromethane, as well as infrared wave numbers and 
percent transmission curves for both the liquid and gas in the region 400-4000K (K=kaysers=cm™'), were 
obtained and compared with previous data. Assignments were made for both molecules and a reasonable set 
of potential constants was determined by use of Wilson’s FG matrix method. The heat content, free energy, 


> 


entropy, and heat capacity were calculated for 12 temperatures from 100° to 1000°K 





INTRODUCTION depolarization factors has been made, but this did not 

AMAN displacements and estimated relative in- yield any definite conclusions as to the polarization 
tensities for liquid CHBrCl. have been obtained _ state of four of the lines (fundamentals). 

in three investigations.'~* One determination‘ of the Infrared spectral data for CHBrCl, also have been 


TABLE I. Raman spectral data for liquid bromodichloromethane (CHBrCl2).* 











Bonino, Kohlrausch, Delwaulle, Glockler, 
Briill Képpl Francois Leader Present results Probable values 
Ao Ie Ao Ie Ao PS Ao le Ao I p Ao I p PS 
995 ss , ae 214.6 9 215 e 
225 5 218 10 218 (jane 10 219 100 0.65 (20 100 0.65 P 
330 4 329 7 329 P 329.6 8 329 74 0.24 330 74 0.24 Pp 
ee ee ae aise ene 06 Pe . ae ey 384 VVWw ee 384 VVWw oe ese 
pea 437 Vvw tee 437 vvw 
ae A cae ee sass ie Kon 549 vw Sings 549 vw —- 
606 5 600 8 600 P 601.7 9 602 82 0.14 602 82 0.14 P 
ve et — seh “es ae tis 663 vw see 663 vw nee pan 
720 3 716 4b 716 tee 718.8 4b 719 20 0.77 719 20 0.77 Pp 
760 2 760 3 760 tee 760.0 3d 763 8 0.83 761 8 0.83 D 
cee ae ak Bis hace — raK (821)  vvw Bi (821)  vvw ee ‘at 
939 VVW tee 939 VVWw ee 
eee owe roe ses Soe ons oss 1047 VVW oe6 1047 VVW ese ose 
1181 1.5 1165 2 1166 P 1170.8 2 1171 6 0.64 1171 6 0.64 P 
tee 1204 1 1204 D 1214.3 1 1214 4 0.82 1214 4 0.82 D 
ripe ro Ne ee Pas wis (1319)  vvw se (1319) vvw ee rer 
(1364)  vvw see (1364) vvw 
(1389) vvw-:-:- (1389)  vvw 
(1432) vw vee (1432) vw 
(1472) vw -::- (1472)  vvw 
1515 vw se 1515 vw 
(1777) vw ::- (1777)  vvw 
(1886) vvw-::- (1886)  vvw 
(2331) vvw wee (2331) vvw 
(2390) vvw-::: (2390)  vvw 
tre nee ve nas Sosa sae ees ied (2418)  vvw ot (2418)  vvw ers yok 
3025 3 3017 4b 3017 P 3020.5 5 3022 22 0.25 3021 22 0.25 P 
sis re nee re mea Bie so bir (3462)  vvw ee (3462) vvw ven 











* Ac =Raman displacement in K; J. =estimated relative intensity (6 =broad, d =diffuse) ; J =relative intensity obtained with a microdensitometer or 


microphotometer (w =weak, v =very) ; p =depolarization factor; PS =polarization state (P =polarized, D =depolarized); and uncertain values are en- 
closed in parentheses. 
dace ed 


*Presented in part at the Chicago meeting of the American Physical Society, November, 1950 [Phys. Rev. 81, 300 (1951)] and 


at the Columbus meeting of the Division of Chemical Physics of the American Physical Society, June, 1951. 


t Present address: Department of Chemistry, Harvard University, Cambridge, Massachusetts. 

{ Publication No. 110. 

§ Present address: Department of Chemistry, University of Michigan, Ann Arbor, Michigan. 

,&: B. Bonino and L. Briill, Atti accad. nazl. Lincei 13, 789 (1931); Chem. Absts. 26, 1189 (1932). 

UK. W. F. Kohlrausch and F. Képpl, Sitzber. Akad. Wiss. Math-naturw. K. IIb, 143, 537 (1935); Monatsh. Chem. 65, 185 (1935). 
G. Glockler and G. L. Leader, J. Chem. Phys. 8, 699 (1940). 

*M. L. Delwaulle and F. Francois, J. phys. radium 7, 15 (1946). 
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Taste IT. Infrared spectral data for bromo- 
dichloromethane (CHBrC]l.).* 











Liquid Gas 
Plyler, Present Probable Present 
Benedict results values results 
o I o I co I o I 
330 m 330 m 
383 ow 383 w 
437 w 435° w 436 w tee ee 
495 w 495 w 495 w 494 w 
552 w 546 w 549 w 545 w 
604 5s 600 s 602 s 602 s 
643 m 658 m 658 m 666 m 
719 vs | 719 vs 719 vs be : 
768 s 
760 vs 759 vs 759 vs 177g 
795 m fe “sn 795 m Bales Sees 
814 w 812 s 813 s 
843 vw 842 m 842 m 
858 w tee eee 858 w 
884 w 881 w 883 w 
916 w 914 w 915 w 
924 w 
042 a 932 w 932 w 
tee nee 976 w 976 w 
1004 vw tee tee 1004 vw 
1052 w 1055 w 1054 w 
1066 w 
1114 = 1074 m 1074 m 
1168 s 1169 vs 1169 vs {tat . 
1189 m 1189 m tee ee 
1212 vs 
iii 2s 1214 vs 1213 vs (tat “ 
1312 w 1316 m 1314 m (1333) w 
1385 vw 1386 m 1386 m 1391 m 
1414 vw 1417 vw 1416 vw tee tee 
Ss rsh 1446 m 1446 m Bet ahs 
teeta 1472 m 1472 m 1493 m 
1506 w 1506 m 1506 m tee tee 
tee 1515 m 1515. m 1533 w 
1592 w 1601 m 1601 m CL 
ee 1732 w 1732 w 
1775 m 1775 m 
ee gaa 2326 m 2326 m Rake “feta 
2421 w 2420 m 2420 m 2422 vw 
3040 5s 3022 vs 3022 vs 3028 m 
3077. vw tee nee 3077 vw tee eee 
tee nee 3615 m 3615 m 
3802 vw cae we 3802 vw 
4237 m tee 4237 m 
4291 w see 4291 w 
4504 vw 4504 vw 








®g@=wave number in K at the point of maximum absorption, and 
I =intensity (w =weak, m =medium, s =strong, v =very). 

b Not investigated below 263 K. Plyler (reference 5) obtained 330, 381, 
and 437 K for the first three bands. 

¢ Not investigated below 400 K. 


reported.*:® However, no Raman or infrared data for 
CDBrCl, were found in the literature. 

The present paper reports for both molecules Raman 
and infrared spectral data, assignments, quadratic 
potential constants, and calculated thermodynamic 
properties. 

EXPERIMENTAL PROCEDURES 


The method of preparation has been described.’ The 
samples were purified by fractional distillation in an 


5 E. K. Plyler, J. Chem. Phys. 17, 218 (1949). 

$F. K. Plyler and W. S. Benedict, J. Research Natl. Bur. 
Standards 47, 202 (1951). 

7R. H. Sherman and R. B. Bernstein, J. Am. Chem. Soc. 73, 
1376 (1951). 
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all-glass system and the Raman spectra were obtained 
with the samples sealed in vacuo. Samples contained 
100, 85, and 60 percent CHBrCl., the remainder being 
CDBrCl». 

The Raman spectra were obtained as described in 
previous papers of this series. The infrared spectra were 
obtained with the spectrometers: Beckman IR-2 
(KBr optics) and Perkin-Elmer 12C single-beam and 
21 double-beam (NaCl optics). With the Beckman, the 
gas and liquid cells were 10 cm and 0.11 mm in thick- 
ness, respectively; with the Perkin-Elmer, gas cells of 5 
and 10 cm thickness and liquid cells of 0.05 and 0.11 mm 
were used. 

SPECTRAL DATA 


CHBrCl, 


The Raman spectral data for CHBrCl, are sum- 
marized in Table I. The infrared spectral data are given 
in Table II, and the percent transmission curves are 
shown in Figs. 1(a) and 1(b). In Table ITI, the probable 
Raman and infrared spectral data are given, together 
with the assignments and calculated wave numbers. 


CDBrCl, 


The present Raman and infrared spectral data for 
CDBrCl., obtained in the presence of CHBrCle, are 
given in Table IV, along with the assignments and 
calculated wave numbers. The infrared percent trans- 
mission curves for the CDBrCl,, CHBrCl. mixture are 
shown in Figs. 2, 3(a), 3(b), and 4. 
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Fic. 1. Infrared absorption bands for liquid 
CHBrCl, (NaCl optics). 
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The line at 219K was unresolved. However, its 
measured displacement is the same as that measured 
for the corresponding line in CHBrCle, which indicates 
no shift in displacement from CHBrCl, to CDBrCl.. It 
is therefore reasonable to assume that this line corre- 
sponds to the unresolved doublet 215, 220K, as 
observed by Glockler and Leader for CHBrCl: (see 
Table I). 


NORMAL COORDINATE TREATMENT 


As a check on the assignments and to establish a set 
of potential constants, a normal coordinate treatment 


TABLE III. Probable values for the Raman and infrared spectral 
data, calculated wave numbers, and assignments for liquid 
CHBrCl2.* 














Raman Infrared Theoretical 
Ao I PS o I Cc assignment Type 
rood 100 «0p Net investigated 215» a9 a” 
220 below 263K 226 o6 a’ 
330 74 =P 330 m 322 os a’ 
384 vvw --:: 383 w 382 o1—0% A’ 
437 vvw 436 w 440 26 rg 
a: ee 495 w 495 07-93 a” 
549 vw see 549 w 550 ostos A’ 
602 82 P 602 s 595 o4 a’ 
663 vw see 658 m 660 205 Fig 
719 20 P 719 vs 708 C3 a’ 
761 8 D 759 vs 761 os a” 
a 795° m 784 o7—209? a" 
(821) vvw --- 813 s 817 o4tog Fog 
rr 842 m 840 o2—05 Ya 
858° w 875 2a5;+o9? P od 
883 w 884 o1—o5 Pigg 
ee see see 915 w 932 oytos A’ 
939 vvw <:-:- 932 w 939 o3t+o6 Fi 
tee cee see 976 w 980 ostos a" 
tae se tee 1004. vw 999 o7—99 rd 
1047 vvw -:-- 1054 w 1049 oz;tos5 A’ 
ee 1074 m 1090 ost+os a 
1171 6 P 1169 vs 1167 a2 a’ 
tee tee tee 1189° m 1190 2a3—05? A’ 
1214 4 D 1213 vs 1214 07 a” 
(1319) vvw --- 1314 m 1321 o3+04 A’ 
(1364) vvw -:- tee eee 1362 ostos A" 
(1389) vvw --- 1386 m 1390 ootas A’ 
(1432) vw -e- 1416 vw 1429 oz+o9 A’ 
or 1446 m 1438 203 A’ 
(1472) vvw -:- 1472 m 1479 o3;+o8 P aa 
or 1506 m 1500 ootos A’ 
1515 vw e::- 1515 m 1520 2e8 A’ 
tee tee 1601 m 1600 o2+209 A’ 
a 1732 w 1740 og+2e8 A’ 
(1777) vvw --- 1775 m 1772 ootos fy 
(1886) vvw «+> see ee 1889 cota; Pig 
(2331) vvw --- 2326 m 2340 202 A’ 
(2390) vvw --- see tee 2384 ooto7 P vd 
(2418) vvw --- 2420 m 2419 o1—o% A’ 
3021 22 6P 3022 vs 3041 o1 a’ 
ee 3077 vw 3100 os+2e2 a” 


(3462) vvw eee 3461 oit2e0, A’ 
Sa 3615 m 3623 oito, A’ 
3802 vw 3781 oitos a 
4237 m 4235 oitoz a” 
4291 w 4342 oayto3;+o, A’ 


4504 Vw 4541 C1 +2e8 A a 


—. 








, Symbols have the same meaning as in Tables I and II. 
a Normal coordinate values (bold face); combinations and overtones 
Table yp alculated from observed wave numbers for the liquid. See 
e 


© Observed only by Plyler and Benedict, not in the present investigation, 


SPECTRA AND THERMODYNAMIC PROPERTIES, CHBrCl:, CDBrCl: 835 


TABLE IV. Raman and infrared spectral data, calculated wave 
numbers, and assignments for CDBrCl2.* 











Infrared - 

Raman Liquid Gas = 
Ao I p PS o I o I Cc ment Type 
219 100 065 P Not investigated 216 oa a” 
below 400K ye a 4 

329 74 0.24 P 316 +o @ 
579 71 018 P 578 s 584m 5795 oa @ 
699 15 057 P 69 5s a 04 «3; @’ 
735 6 0.87 D 741 vvs 750m 735 og” 
872 3 058 P 872 ws {88M p75 gy a’ 
904 m ” 

904 3 0.83 D 904 vvs 913 m 905 «oa: a 
1055 ms «ee «es 1064 as+o3 A” 

1084 w ooses «es 1092 aotosg A’ 

1274 m 1289 w 1278 o3+0, A’ 
1347 vw 8 #69 1349 o1—o7? a” 
1430 m 1449 m 1434 o3;+03 A” 
(1507) ed: 1518 o1—o8? tal 

1556 vw ose: «es 1554 o1—03 A’ 

1635 = 22. .©n8 1639 oitos Fig 

1676 ~~ ClUC<ié«< OC OO 1674 o1—04 A’ 

(1719) meee eee 1744 22 A’ 

1801 w oo«ss «e- 1808 2c; A’ 

ie wee oon coe GENE coe os 1924 o1—0, A’ 
2333 15 O47 6P 2254 s 2264 vw 2243 oo, a 
<<. oe eee sae DON ° wah wen 2832 oito, A’ 
(3110) —  * See 3125 oito2 A’ 
(3143) moss ees 3157 a1t+o; A” 











a Symbols have the same meaning as in Tables I and II. 
b Believed to be the unresolved doublet 215, 220 K (see text). 
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Fic. 2. Infrared absorption bands for liquid and gaseous 
CHBrCl,, CDBrClz mixture (KBr optics). 


(FG-matrix method’) was carried out for each molecule 
with the most general quadratic potential energy func- 
tion. The notations for the potential constants® and the 
F- and G-matrix elements" have been given previously. 

Values for some of the potential constants were trans- 
ferred from structurally related molecules, with sub- 
sequent modification. The revised set of potential 


constants is given in Table V. This set is the result of 


8 E. B. Wilson, Jr., J. Chem. Phys. 7, 1047 (1939); 9, 76 (1941). 
9 Davis, Cleveland, and Meister, J. Chem. Phys. 20, 454 toss) 
53). 


10 Weber, Meister, and Cleveland, J. Chem. Phys. 21, 930 
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(b) 


Fic. 3. Infrared absorption bands for liquid CHBrClh, CDBrCl. 
mixture (NaCl optics). 





attempting to fit equally well the observed fundamentals 
for both CHBrCl, and CDBrCl.. It was desired to 
reproduce the fundamentals observed for the liquid 
state since not all of the fundamentals for the gas 
could be observed. For some of the fundamentals, a 
close agreement with the observed wave numbers for 
one molecule could not be attained without a simul- 
taneous divergence from the observed values for the 
other molecule. Therefore, the potential constants 
given in Table V were chosen to split these differences, 
as may be seen in the calculated sets of wave numbers 
for the fundamentals given in Table VI. 


TRANSMISSION 


PERCENT 





WAVE NUMBER IN K 


Fic. 4. Infrared absorption bands for gaseous CHBrClz, CDBrCle 
mixture (NaCl optics). 


TABLE V. Potential constants for CHBrCl, and CDBrCl.. 











Bond-Bond Bond-Angle Angle-Angle 
(md/A) (md/rad) (md A/rad?) 
Constant Value Constant Value Constant Value 
fo 2.7000" for” 0.36345 fre 1.1798 
fe 3.4204 form 0.25970 Sus 0.59044 
fr 5.0099 fee  —0.16258 le 1.1360 
Te 0.39000 tec* — 0.16400 Ten 0.69700 
Se 0.06000 Je** 0.33700 Soc” 0.1198 
fer — 0.09000 fe”  —0.21300 foce®  —0.01415 
fee 0.41040 f.%* —0.15200 foe’® 0.11415 
te" 0.25000 Joc 0.02623 

i — 0.19000 Tvo* 0.07781 

Jee? 0.36022 Sor” 0.02935 

fpbe 0.45000 for? —0.04166 

tno 0.23000 fect 0.02573 

tne? 0.48000 fen?” 0.04000 


tach 0.26000 








® The retention of five significant figures is not justifiable, but is necessary 
to secure internal consistency in the calculations. 


TABLE VI. Observed and calculated fundamentals for 
CHBrCl, and CDBrCle. 








Wave numbers in kaysers 





CHBrCle CDBrClz 
Funda- Calcu- Observed Calcu- Observed 
mental* Type lated Liquid Gas lated Liquid Gas 
o1 a’ 3041 3021 3028 2243 2253 2264 
a2 a’ 1167. 1170 =1177 875 872 881 
o3 a’ 708 719 734 704 699 713 
o4 a’ 595 602 597 575 579 vee 
o5 a’ 322 330 cee 316 329 
o6 a’ 226 220 cee 223 220 tee 
a7 a” 1214 1214 1217 905 904 909 
a8 a” 761 760 773 735 735 750 


a9 se” 215 215 ao 216 215 


a All the fundamentals are nondegenerate (degeneracy =1). 


TABLE VII. Molecular constants for 
CHBrCl, and CDBrCls. 








Quantity Value Quantity Value Quantity Value 


my 1.00785 awu C—H 1.093 A Symmetry No. 1 

mp 2.01418 awu C—D 1.093 A Jal plc for 1.702- 10° 
CHBrCl, (awu A?) 

mpr 79.91050 awu C—Br 1.910 A 

mo, 35.44959 awu C—Cl 1.760A Jal plc for 
CDBrCle 





1.752-10' 
(awu A?) 
mc 12.01139 awu Angles 109°28’ 








TaBLE VIII. Heat content, free energy, entropy, and heat 
capacity of CHBrCl; and CDBrCl, for the ideal gaseous state at 
1 atmos pressure.*® 

















(H°—Ew)/T  —(F°—E0)/T So Cy 
T (°K) H> D H OD H D H OD 
100 8.60 8.60 52.87 52.92 61.48 61.53 10.24 10.25 
200 9.12 10.36 59.36 59.42 69.66 69.78 13.56 13.87 


273.16 11.44 11.61 62.74 62.84 74.18 74.45 15.51 16.15 
298.16 11.81 12.02 63.76 63.87 75.56 75.90 16.10 16.83 


300 11.83 12.05 63.83 63.95 75.66 76.00 16.15 16.88 
400 13.17 13.55 67.43 67.63 80.60 81.17 18.12 19.02 
500 14.31 14.80 70.49 70.78 84.80 85.58 19.56 20.48 
600 15.28 15.83 73.19 73.58 88.46 89.41 20.61 21.52 
700 16.10 16.70 75.61 76.09 91.71 92.79 21.40 22.27 
800 16.80 17.44 77.80 78.36 94.60 95.80 22.02 22.86 
900 17.41 18.07 79.85 80.49 97.26 98.56 22.52 23.32 
1000 17.94 18.61 81.68 82.39 99.62 101.00 22.93 23.68 








8 The units are cal deg mole". 
bH =CHBrClz, D=CDBrCle. 
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SPECTRA AND THERMODYNAMIC PROPERTIES, 


THERMODYNAMIC PROPERTIES 


The heat content, free energy, entropy, and heat 
capacity at 1 atmos pressure were computed for 12 
temperatures for the ideal gaseous state and with the 
rigid rotator, harmonic oscillator approximation. The 
observed wave numbers and molecular constants used 
are listed in Tables VI and VII. The wave numbers 
for the gaseous state were used when available. The 
results are given in Table VIII. For CHBrCla, the agree- 
ment with the values of Gelles and Pitzer" is rather 

1 EF. Gelles and K. S. Pitzer, J. Am. Chem. Soc. 75, 5259 (1953). 


It should be noted that the values for the heat content of CHBrCl: 
on page 5263 are interchanged with those for CFBrCle. 


CHBrClz, CDBrCl. 837 
close. For example, their values for S° and C,° both 
average 0.03 cal deg! mole greater than our values. 
Apparently no previous thermodynamic properties 
have been calculated for CDBrCls. 
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Counter-Ion Distribution in Dilute Solutions of Rigid Spherical Macromolecular Ions 
in the Absence of Added Salt 


Hrrosu1 Fuyita* 
Department of Fisheries, Faculty of Agriculture, Kyoto University, Maizuru, Japan 
(Received August 3, 1954) 


The electrostatic potential field and the accompanying counter-ion distribution in dilute solutions of 
rigid spherical-polyelectrolyte ions in the absence of added salt is calculated on the basis of an approximate 
Poisson-Boltzmann equation. The exact Poisson-Boltzmann equation is approximated so that its charac- 
teristic nonlinearity is conserved properly, and the nonlinear equation thus obtained is solved rigorously 
under relevant boundary conditions. The calculated results reveal a strong tendency of the counter-ions to 
cluster near the macro-ion, and this occurs even at such extremely low concentrations of the solution as 
would be beyond the limit of experimental investigation. It is shown that the zeroth-order approximation 
(in which the basic equation is linear) gives unexpectedly good solutions for the potential distribution even 
at a fairly high degree of ionization of the macro-ion, but leads to incorrect results for the counter-ion 


distribution except at a very low degree of ionization. 


INTRODUCTION 


NE of the basic problems concerning the charac- 
teristic behavior of dilute polyelectrolyte solutions 

is the nature of the electrostatic potential field and the 
accompanying counter-ion distribution around a macro- 
ion as functions of various physico-chemical parameters 
such as the polymer concentration, the concentration 
of added simple salts, the degree of ionization, and the 
dielectric constant of the medium. Many attempts have 
been made recently to solve this problem on the basis 
of the Poisson-Boltzmann equation, but a general and 
rigorous solution relating to the macromolecular electro- 
static field has been presented only in one case, namely 
for rodlike molecules, by Fuoss, Katchalsky, and 
Lifson,! and, independently, by Alfrey, Berg, and 
Morawetz,? and by Imai and Osawa.’ The special case 
treated by these authors is a salt-free solution con- 





br Present address: Department of Chemistry, University of 
Visconsin, Madison, Wisconsin. 

'Fuoss, Katchalsky, and Lifson, Proc. Natl. Acad. Sci. U. S. 
37, 579 (1951). 

* Alfrey, Berg, and Morawetz, J. Polymer Sci. 7, 543 (1951). 
= esa and F. Osawa, Busseiron Kenkyu No. 46, 14; 47, 


sisting of rodlike molecules of infinite length arranged 
parallel to each other at equal intervals. Although this 
solution appears to be useful at a sufficiently high 
degree of ionization, it is clear that the assumption of 
cylindrical symmetry of the solute molecule is untenable 
at a lower degree of ionization, and thus the solution 
fails to hold. At a sufficiently low degree of ionization, 
we may assume spherical symmetry for macro-ions and 
treat the problem by means of either the Debye-Hiickel 
or the Donnan approximation. Such cases of low degree 
of ionization were extensively investigated by many 
authors,*~? notably by Hermans and Overbeek.‘ These 
investigations led to a number of important and useful 
conclusions; some of which may be compared with 
experimental data. Of practical interest is the inter- 
mediate case of medium degree of ionization, where 
not only does the macro-ion assume an intermediate 
shape between the rod and the sphere, but also the 


4J. J. Hermans and J. Th. G. Overbeek, Rec. trav. chim. 67, 
761 (1948). 

5 Kimball, Cutler, and Samelson, J. Phys. Chem. 56, 57 (1952). 
_ °F. Osawa and N. Imai, Busseiron Kenkyu No. 35, 98 (1951); 
Osawa, Imai, and Kagawa, J. Polymer Sci. 13, 93 (1954). 

7P. J. Flory, J. Chem. Phys. 21, 162 (1953). 
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approximations of Debye or Donnan probably cease to 
be applicable. As a first approach to this intermediate 
region, Hill* has presented recently a solution for 
elliptical symmetry, employing, however, the Debye 
approximation. In contrast to this, Imai and Osawa"! 
have given a series of approximate solutions in which 
spherical symmetry is assumed but no such lineariza- 
tions as those involved in Debye’s approximation are 
employed. Quite recently, Imai! has extended a similar 
approach to the case of coiling macro-ions. 

The purpose of the present paper is to approach this 
problem by solving the Poisson-Boltzmann equation for 
dilute solutions of rigid spherical macro-ions containing 
no extraneous salt, with the aid of an approximate 
method which is different essentially from that of 
Imai and Osawa. The method, however, contains two 
serious limitations: first, it is applicable only to solutions 
containing no added electrolytes, and secondly, quanti- 
tatively, the degree of approximation becomes worse 
even at such relatively small electrostatic energies as 
several times kT (k is Boltzmann’s constant and T is 
the absolute temperature). This second condition, how- 
ever, is compatible with the assumption of a spherical 
model, and for high enough electrostatic energies the 
cylindrical model is certainly more practical. 


MATHEMATICAL DEVELOPMENT 


1. Physical Model of the Solution and 
Basic Equations 


The physical model of the solution used for the 
present calculation is essentially the same as that used 
by Kiinzle, and by Imai and Osawa for their theo- 
retical treatment of solutions of spherical polyelec- 
trolyte molecules. Each solute macro-ion, which is 
assumed to be a uniform rigid sphere of radius a, is 
located at the center of a spherical region containing 
all counter-ions dissociated from it. This region is 
conveniently referred to as the “free volume” of the 
given macro-ion. The entire solution is closely packed 
with a set of such free volumes. The charges of the 
macro-ion are assumed to be spread uniformly over its 
surface. It is then clear that the time-average counter- 
ion (or potential) distribution around a particular 
macro-ion is spherically symmetrical about the center 
of the free volume. It is, moreover, assumed that the 
solution is so dilute that neighboring interactions be- 
tween macro-ions may be neglected. 

Let us consider that ” counter-ions, each assumed to 
be univalent, are dissociated in a single free volume. 
If p(r) is the local density at distance r from the center 
of the macro-ion, the electrostatic potential ¥(r) of a 


*T. L. Hill, J. Chem. Phys. 20, 1173 (1952). 

® N. Imai and F. Osawa, Busseiron Kenkyu No. 52, 42 (1952). 
10 N. Imai, Busseiron Kenkyu No. 59, 99 (1953). 

11 N. Imai, Busseiron Kenkyu No. 62, 16 (1953). 

2 N. Imai, Busseiron Kenkyu No. 67, 63 (1953). 

13 Q. Kiinzle, Rec. trav. chim. 68, 699 (1949). 


test ion placed there is determined by the Poisson- 
Boltzmann equation in the form: 


dy 2dy 4me 
4" = a(n), (1 
dr? rdr D 

where p(r) is given by 


p(r)=new m(f 


a 


R 


—1 
Anr2eev (lk rir) . (2) 


where ¢ is the elementary charge, and D is the dielectric 
constant of the solvent. 

The electric field vanishes at the boundary of the 
free volume owing to the time-average spherical sym- 
metry of neighboring macro-ions and their counter-ions. 
Thus, denoting the radius of the free volume by R, 


(dp/dr),-r=0. (3) 


For the same reason, the boundary of the free volume, 
considered on a time-average basis, should be an equi- 
potential surface 


(Y)p-r= const. (4) 


Equations (1), (2), (3), and (4) are invariant for the 
substitution y—-y-+ constant. Therefore, we may as- 
sume, without loss of generality, that 


Equations (3) and (5) give the boundary conditions for 
the differential equation for y which can be derived 
from Eqs. (1) and (2) by eliminating p. It is shown 
easily that the condition of electrical neutrality of the 
solution is fulfilled automatically in terms of the 
normalizing factor introduced in Eq. (2). 

Introducing the dimensionless variables defined by 


x=xr, y=eb/kT, a=kxa, 
B=xR, \=ne?/DkTa, 


R ~1 
c= (ne/Dir)( f reir) , (7) 


gives for the potential distribution a differential equa- 
tion of the form: 


(6) 


with 


d’y 2dy 


dx? xdx 


e, (8) 





and the boundary conditions (3) and (5) reduce to 
(dy/dzx) 2-g=0, 9) 
(y) ang= 0. (10) 


The principal aim of the present calculation is to solve 
Eq. (8) subject to conditions (9) and (10) without re- 
course to such linearization approximations as are use 
in Debye’s treatment. 
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DILUTE SOLUTIONS OF SPHERICAL MACROMOLECULAR IONS 


2. Approximation 


It appears impossible to obtain the exact analytical 
solution of Eq. (8) subject to Eqs. (9) and (10). On the 
other hand, use of the Debye-Hiickel approximation in 
which it is assumed that 0< y<1 is not of interest in 
evaluating the electrostatic potential field at medium 
degrees of ionization. The usual method of successive 
approximations is not very hopeful for the significant 
range y greater than unity. As Imai has stressed fre- 
quently, the most essential point in the mathematics of 
this kind of problem is how successfully one can manage 
the strongly nonlinear term e” in the basic equation (8). 

It is proposed that e” be approximated by an algebraic 
function Y of the form: 


Y= (142) (11) 
te) 


Since, by definition, 


y\% 
ev’= lim (1+) ; 
N-ow N 


the substitution (11) may be considered a reasonable 
approximation, not only qualitatively but also quanti- 
tatively, insofar as values of y are limited to the order 
of 3 or 4. In Fig. 1, the true function e” is compared with 
the approximate function Y over the range of y from 
0 to 4. It is seen from the figure that, although the 
quantitative agreement of Y with e” is never very 
satisfactory even at these relatively low values of y, 
the nonlinear behavior of Y resembles rather closely 
that of the true function. This resemblance leads us to 
expect that the solution to be derived on the basis of 
this approximation would reveal, at least qualitatively, 
the characteristic features involved in the original 
Poisson-Boltzmann equation. A further reason for the 
above approximation, despite its quantitatively unsatis- 
factory nature, is that it permits integration of Eq. (8) 
in terms of known functions. 

After making the above-mentioned approximation, 
and setting 


sot4-, (12) 
5 


Eq. (8) reduces to the form: 


d*z 2dz 1 
carlin ante (13) 
dx? «dx 5 


This is a special case of the Emden-type equation, 
which is known to be integrable analytically. Integra- 
tion once gives 


dZ\? 1 1 
(—) =-Z?4+—Z'+ B, (14) 
dx 4 15 

where 


Z=x'2, (15) 
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Fic. 1. Comparison of Y=[1+(y/5)]* with the true function e”. 


and B is an integration constant. Equations (9) and (10) 
in terms of Z become: 


dZ 1 
(—) =-(6)-1, (16) 
dx r=8 2 
and 
(Z) a= (8). (17) 


Substitution of these into Eq. (14) determines the con- 
stant B, leading to 


dz\? 1p 4 
Ur er ae 
dx} al” "15 


By introducing the new variables 


4 
Z=(8)'-0, (x/a)'=é, diate (18) 
this equation can be put into the form: 
d0\ ? 
(=) =6°+5(9°—1). (19) 
dé 


Here we note that b>0. 
Now, consider the cubic equation in 
n+ (n/b)—1=0, (20) 
with 6>0. It is shown readily that this equation 
possesses only one real root, 7, such that 0<<b, and 


hence, the other two roots are complex and conjugate. 
It follows then that the quantity m detined by 


ony 3 
_ (3-) (21) 


satisfies the condition: 1<m<3}. 
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On making the transformation from @ to w by the 
relation: 
(m—1)@+n)?)? 
tai 
(m+1)0?—»n 


it is found, after simple but lengthy calculations, that 
Eq. (19) becomes 


2 =)- (—~.) 0-91-1409, (23) 


m?+4m+3 
h? = —___—_. (24) 
8m 





where 


A further transformation by 
w=sn(u,h), (25) 


where sn(u,k) is the Jacobian elliptic “sw” function 
whose variable is « and whose modulus is h, gives for 





Eq. (23) 
du\? 8m 
(=) oe (26) 
dé 3—m? 
which can be integrated to give 
8m \3 
v= +( ) Iné+A, (27) 
3—m? 


where A is an integration constant. If we denote by &, 
the value of £ corresponding to the @ value at which 
the right-hand side of Eq. (19) vanishes, it is shown 
easily that A is given by 


Sm \3 
A=+F ( ) Ing,. 
3—m? 


Hence, Eq. (27) becomes 





vee (— -) In(&/t,). (28) 
vam m2 


Combining Eqs. (28), (25), (22), and (21), the re- 
sulting equation for @ in terms of is 


b(3—m?) 


2 
1+-cn[(8m/3—m?)* In(é/é,), 2] 


1—m+(1+m)cn[(8m/3—m?*)* In(é/é,), hk] 
From Eq. (17) it follows that 
(0)¢~@/a)*= 1, (30) 


6?= 





29) 


and, therefore, from Eq. (29), 
b(3—m?) 


1+ cn[(8m/3—m?)! In(1/cé,), 1] 
1—m+ (1+ m)cn[_(8m/3—m?)* In(1/cé,), hy} 


where 





r= : . 32 
() (32) 


If the values of w and w corresponding to 6=1 are 
denoted by w; and ™, respectively, then from Eqs. (22) 


and (25) 
2{2m[_2—b(3—m?) }}} 
W1>= ; (33) 
2(m+1)—b(3—m?) 





w= fo [ (1—w?) (1—h?w?) dw. (34) 


By combining Eqs. (31), (33), and (34) properly, it can 
be shown that the relation 


8m \? 1 
( ) In—= (35) 
3—m? ok, 


must be satisfied. This is the equation for the determi- 
nation of unknown parameter £, knowledge of which 
permits determination of the integration constant, A. 

Elimination of & from Eq. (29) by Eq. (35) then 
gives the final expression for 6 as: 





b(3—m?) 
2 


6°= 


1+-cn[_(8m/3—m?)} Incé+m, h ] 
1—m+ (1+ m)cn[_(8m/3—m?)! Incé+1, h} 





(36) 


Multiplication of Eq. (13) by 2? and integration from 
x=a to x=8 gives 


dz 1 7’ 
-«(=) =— f xbdx. (37) 
Gan 3 


Qa 


On the other hand, Eq. (7), expressed in terms of the 
dimensionless quantities defined by Eq. (6), reduces to 


B 
ah = f xevdx. (38) 


a 


For the sake of consistency, it is necessary to replace ¢ 
in the integrand of Eq. (38) by the approximation 
function Y defined by Eq. (11). Thus, 


B 
a= f xehdx. (39) 


a 





Com} 


which 


where 
be wr 


where 
Eq. (1 
equati 


since, | 

Insp 
above 
are ful 
if we € 
be obtz 
7, and 
has bee 
are eva 
betwee 
and X ¢ 

It ca 


and 


Hence, 
of € wi 
be plot: 
tial dist 
tion is « 
tributia 
potenti: 
to see tl 


an 


cn 
~~ 


11- 


ch 


en 


om 


the 


, to 


38) 


p oY 
jon 





DILUTE SOLUTIONS OF SPHERICAL MACROMOLECULAR IONS 841 


Comparison of Eqs. (37) and (39) yields 


dz r 
(=) --— (40) 
GAT cua 5a 


which may be combined with Eq. (15) to give 


dZ Za a 
() =—_—-_, (41) 
Gian &£ 2B 


where Z, is the value of Z at x=a. This equation may 
be written in terms of @ and é as 


dé 2 
(-) =6,——onx, (42) 
ES san 5 


where 6, is the value of @ at x=a. Putting «=a in 
Eq. (19), and eliminating (£d0/dé),—. from the resultant 
equation using Eq. (42), it is found that 


4or 407d? 
6.°+—_ba— (1+) =(, (43) 
5b 2 


The value of @, obtained from Eq. (36) is 








1+cn[(8m?/3—m?)! Ino+m, h] 
+955) =, (4) 
1—m+ (1+ m)cn[_(8m?/3—m?)} Ino+1, h] 





since, by Eq. (18), =a corresponds to é=1. 

Inspection of the mathematical process described 
above shows that the parameters 7, m, h, w,, and 1 all 
are functions of a single parameter 6, and therefore, 
if we eliminate 0, from Eqs. (43) and (44), there will 
be obtained a transcendental equation which involves }, 
g, and X as variables. It is supposed that this equation 
hasbeen solved for 6 to give b= 6(c,\). Then, m, h, and 
are evaluated as functions of o and X, and the relation 
between @ and ~ can be computed numerically with o 
and X as independent parameters. 

It can be shown that 


ey 6 
y-—=3(—-1), (45) 
kT of 


r/a= é. (46) 


Hence, when @ has been found in this way as a function 
of £ with the independent parameters o and A, y may 
be plotted readily against r/a; i.e., the required poten- 
tial distribution around the macro-ion under considera- 
tion is determined. The corresponding counter-ion dis- 
tribution is then calculated from Eq. (2) using the 
potential distribution thus obtained. However, in order 
to see the extent to which the counter-ions are crowded 


and 


around the macro-ion, it is convenient to plot the ratio 
of the actual distribution density p to the uniform 
density / in such a hypothetical state of the solution 
that all the charges, on the macro-ions as well as on 
the counter-ions, are discharged. The choice of the 
“discharged” solution as the reference state has been 
employed recently by Lifson and Katchalsky™ in the 
calculation of the electrostatic free energy of solutions 
of rodlike polyelectrolytes. The hypothetical density p 


is obviously 
dir 
pan /—(R—0'), 
3 


It may be shown easily that the ratio p/f can be calcu- 


lated from 
p 5b/1—o° 6° 
Ny 
p 4A\ o&? ot 


as a function of r/a. 

Now consider the physical meanings of the quantities 
o and J involved in these final equations as parameters. 
From Eq. (32) and the definitions of-a and 8, 


a= (a/R)}. 





If the over-all polymer concentration of the given 
solution, the molecular weight of the macro-ion and 
Avogadro’s number are denoted by c¢ (g/100 ml), 
M and Na, respectively, then 


R=(75M/acN a)}, 
75M 


and 


c=- -0°, 


wN4 a’ 





Hence, for a given rigid spherical macro-ion the con- 
centration ¢ of the solution is proportional to the sixth 
power of c; i.e., ¢ is a measure of the polymer concen- 
tration. 

The quantity \ is directly proportional to n, the 
number of counter-ions dissociated from a single macro- 
ion, and therefore, it is a measure of the degree of 
ionization of the macro-ion. 

In view of these physical interpretations, o and d are 
referred to as the “concentration parameter” and the 
“ionization parameter,” respectively. 


3. Modification of the Solutions 


The mathematical solutions derived in the preceding 
section are analytically exact, but are so complicated 
that it is not easy to examine them numerically in their 
original forms. The numerical evaluation of the cn 
function is particularly difficult for reasons which are 
mentioned below. 

As already noted, m varies between 1 and 3}. In 
Fig. 2, h is plotted as a function of m for this range 


44S. Lifson and A. Katchalsky, J. Polymer Sci. 13, 43 (1954). 
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[see Eq. (24) ]. It is seen that # is very near unity in 
this range of m, which indicates that numerical values 
of a cn function whose modulus is close to unity must 
be computed. It is well known that evaluation of the 
Jacobian elliptic functions is very tedious for such 
moduli. This is the first difficulty in‘ numerical work. 
It can be shown without difficulty that the value of w, 
tends to unity as / approaches unity. Hence, it follows 
from Eq. (34) that #; diverges to infinity in the limit 
when m tends to unity. This suggests that the argument 
of the cn function in question becomes very large for 
values of m near unity, thus making it almost impossible 
to compute the corresponding cn values by means of 
such conventional methods as the series expansion 
formula. This presents a second difficulty. 

Although, for these reasons, the general solutions are 
very inconvenient in their original forms for numerical 
calculations, it can be shown that they may be put 
into a form in which the numerical computation may be 
performed rather easily, if use is made of the condition 
that h is very near unity. 

Introduce the Riemann ¢hetat functions whose param- 
eter is determined by the equation: 


32(0| 7) 7! 
k= (48 
= I , 





and put, for convenience, 
uy+ (8m/3—m?)? Incé 
r[s(0|7)P 


Then it can be shown that the cv function in question 
may be written in terms of ¢hefa functions as follows: 


(49) 





34(0| 7)82(v| T) 
32(0| r)F4(v| r) 


¢ The notation and representation of the theta functions used 
herein follow S. Tomotika, Theory of Elliptic Functions (Kawade 
Book Company, Tokyo, 1942). 


50) 





L=cn{[(8m/3—m?)* Inoé+a1, h]= 


It follows from Eq. (48) that absolute values of 
rt are close to zero for h close to unity; here it 
should be noted that 7 is an imaginary quantity such 
that the imaginary part of r>0. In accordance with 
the theory of theta functions, it is advantageous in such 
a case to transform the system to another one in which 
the parameter is —1/7 with the aid of Jacobi’s imagi- 
nary transformations. Application of such transforma- 
tions to Eq. (50) yields 


1 v| 1 
9(0|--)o(-|—-) 
L= . eee (51) 

1 v| 1 
9,(0 --)y.(- --) 

T T T 
For small 7 the quantity q defined as exp(—zi/r) is 
very small. In fact, as shown later, 0<¢g<0.0044 for 
1<m<3}. It may be expected, therefore, that suffi- 
ciently good approximations can be obtained by re- 
taining only terms up to the order of g and neglecting 


all higher terms in comparison with unity. 
The equation for Z is then approximately 


v} 1 
»(-|--) 
P T T 
L=2q'(1+2¢)—— . 

v| 1 
(i) 

T if 
The ratio of the two theta functions involving the inde- 
pendent variable » cannot be approximated in such a 


way, but must be represented in terms of their defining 
equations as follows: 


























io 2) 


{++ > (— 1)"g"*(g2"-+q-2"") 


1=1 


oe. tania . (53) 
i+ >. gL g2ne—P 4 g-2ne-D 7 
n=1 





Now, define U and V such that 


U=1/r[03(0| r) |, (54) 
V =[8m/(3—m?) }!/x[83(0| 7) ]2. (55) 


Equation (34) then may be written in terms of éhela 
functions, 
33(0| 7)31(U | 7) 


~ §2(0| 7)d4(U | r) 
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which is transformed to 


(4-oC) 


‘ 

W1=1 * 
1 U| 1 

9.(0 --)o(— --) 
T T T 


The right-hand side of this equation may be approxi- 
mated as before, leading to 











3) 


Ti 
ee oe 
T 


4m — © 


wi= (1+44¢) : . (56) 
% ri 
Een - (W404) ] 


2=— 0 T 





It is shown in the next section that, when b>0, U satis- 
fies the following inequality: 


0<U <i}. (57) 


Accepting for the moment that this is the case, Eq. (56) 
gives, to the degree of approximation mentioned above, 





1— gv ; 
w=(14+4)(-——), (58) 
1+ 977 


from which, to the same degree of approximation, 














1—w,(1—4¢) 
v= (59) 
1+w,(1—49) 
Then, since 
11 | 1\7 
7[33(0| o7="|a(0 --)] 
7 T 
= — (Ing) XL1+4q+0(q’)], 
V (defined by Eq. (55)) may be written 
[8m/(3—m?) }} 
Ing 
from which, approximately, 
g2¥ Inet = gf, —2(1 —40) [8m /(3 —m4) (60) 
Thus, it follows that 
q??= g2U +2V Inot (61) 
with 
1—w(1—44¢) 
p= ; (62) 
1+w:1(1—4g) 
and 
8m \3 
r=2(1-40)( ) ‘ (63) 
—m? 
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If Eq. (61) is substituted in Eq. (53) and the resultant 
equation is combined with Eq. (52), the final expression 
for L is obtained in the form: 


L=2(1+29)[u(ct)-”}} 


1 (1) Tarot uno) 


| +e | (“) ‘(ort (“) cor] 


which is correct to the approximation that terms higher 
than 0(q) may be neglected in comparison with unity. 

Applying Jacobi’s imaginary transformations for Eq. 
(48), and expanding in g, 


h?=1—169+1289?+0(¢'), (65) 


which confirms that g~0 when /&1. Solving this 
for g, and recalling Eq. (24) gives 


4m—3—m? 4m—3—m’\? 
a ON i 
128m 128m 
4m—3—m?\3 
+0 (~——") | (66) 
128m 


q is plotted as a function of m in Fig. 3, from which it 
is seen that g is very small over the range of m plotted, 
justifying the validity of the approximate analysis 
presented above. 

The numerical process of calculating L as a function 
of o§ for any given value of 0 is briefly as follows. For 
given b the real root 7 of Eq. (20) is sought first. Then, 
the corresponding m value is obtained from Eq. (21), 
substitution of which into Eq. (66) determines the g 
value. The v value is then computed from Eq. (63). 
Also, the w; value is obtained from Eq. (33) with the m 
value determined. Then, the yw value follows at once 
from Eq. (62). In this way, all parameters contained in 
Eq. (64) with the exception of the concentration 
parameter o may be determined, thus making possible 





, (64) 
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the evaluation of Z as a function of the argument cé. 
The numerical computation of L may be performed 
readily because both series involved converge very 
rapidly for g1. The first two terms are sufficient for 
obtaining accurate values in either series, within the 
range treated in this research. 


4. The Special Case .—0 


In this section, the limiting behavior of the general 
solutions for the case in which the degree of ionization 
becomes infinitesimally small, while the polymer con- 
centration is finite, is of interest. This is realized by 
making A—0 with o €0. 

Assume that } approaches zero when \ tends to zero 
with «+0. (This condition can be deduced in a general 
way without resorting to detailed calculation.) For 
small 6, Eq. (20) gives 


n=bL1—8+0(5%) ]. (67) 
Equation (21) then becomes 
m=1+03+0(b°). (68) 


Thus, it follows from Eq. (66) that 
53 
q=—[1+0(8*) ]. (69) 
64 
Substituting Eq. (68) in Eq. (33) leads to 
b> 6B 
w= 1————+ 0(0'). (70) 
8 8 
With these results, Eqs. (62) and (63) yield 
5? 
pa Liab 00) 1 (71) 


v= 4[1+0(8) ]. (72) 
Inserting Eqs. (69), (71), and (72) into Eq. (64), and 
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Fic. 5. Potential distributions for different values of \ at a fixed 
value of o. (Effect of degree of ionization.) 


expanding in powers of }, 
b b 
L=-——| 1+-[3— (c£)*]+0(0?) . (73) 
2(cé)? 4 


This is substituted in Eq. (36), to give the following 
series expansion of 6 in b: 


2 





b 
omat{ 1+ | oo) -3|+00]. (74) 


) 
a&)- 
Hence, 

0.=0 


b 2 
1+ (+3) +06}. (75) 
8 o 





If this is substituted in Eq. (43) and the resultant equa- 
tion is solved for 6, there results 


ee a (x)] ) 
ale re | (76 
5(1—o*) 


5(1-—o 


which indicates that 6-0 as A->0, thus confirming the 
starting assumption for the above limiting calculation. 

On combining Eqs. (74), (76), (45), and (46), the 
required solution for the potential distribution at a very 
low degree of ionization is found to be 


Oe (= 428-3] an 
RT 21—(a/RYIL J —_ } “ 





The corresponding solution for counter-ion distribution 
becomes 


ig (- “428-3]. 9 
6 2 1—(a/R)*] a | 


These equations are in complete agreement with those 
which have been derived by Imai and Osawa? using 2 
method essentially different from the one presented 
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here, and, in addition, are shown to be obtained directly 
from the original Poisson-Boltzmann equation by set- 
ting e” approximately equal to unity. 

In Section 3, the analysis was advanced assuming that 


0<U<} (6>0), 


a proof of which, though not analytically rigorous, is 
given below. 

In Fig. 4, w; is plotted as a function of m over the 
range of interest here, from which it is seen that 
0<w:<1 for b>0. It then follows from Eq. (34) that 
u,>0, and from Eq. (54), 


U>0. 


Next, using the fact that 0<w,<1, it is found that 





[Caw 0 iew) Hao “[03(0|)P 
U< : 


1 
r[05(0|7) ~ w[ds(0|7)P 2 


Thus, as a rough estimate, 
0<U<#. 
Under this condition, Eq. (56) may be put in the form: 


1 — gu— g-Y) +-0(q™*) 
wi=[+4q+o(@) | — 
1+-q79+q2-t )+-0(g?*1) 











where k; is a quantity which is larger than unity if 
0<U<}. Solving for g and neglecting terms higher than 
0(q?) in comparison with unity, 


i. |) 
1+w(1—4¢) 


EY kasi. | Y 
| | 7 Sree | 





2 























— Ya 


Fic. 6. Counter-ion distribution for different values of at a fixed 
value of o. (Effect of degree of ionization.) 
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Fic. 7. Potential distributions for different values of o at a fixed 
value of \. (Effect of polymer concentration.) 


Figure 4 shows that w,-0, hence U-0, as m—3}, 
while Fig. 3 shows that g remains finite when m—3}. 
Therefore, the above equation leads, when m—3}, to 


1=2[1+ (1—49")!]. 


In order that this relation may be satisfied to the 
approximation of neglecting 0(g*) in comparison with 
unity, the plus sign must be taken. Thus, 





1pi—w,(1—4q) 
Es 
2L1+w:(1—49) 


ela ST | 
° ome ye 7¢ 
. 1—w;(1—44) 





from which U can be plotted as a function of m for 
1<m<3}. The graph (not shown here) indicates that V 
starts with a finite value (say U;) at m=1, decreases 
monotonously with increasing m, and vanishes at 
m= 3+, The value of U; can be determined analytically 
by going to the limit 6-0 with the aid of the b-expan- 
sions for g and w, derived previously. The result is 
U,=}. Thus, it has been proved that 0<U<}# for 
b>0, which is the inequality required. 


NUMERICAL RESULTS 


Evaluation of the general equations presented above 
was performed (1) for different values of \ with a fixed 
value of o, and (2) for different values of o with a fixed 
value of \. The case (1) is concerned with the effect 
produced by the change in degree of ionization, while 
the case (2) treats the concentration effect at constant 
degree of ionization. The corresponding problems for 
rodlike molecules were investigated by Alfrey et al? 
using the rigorous solution. 

The numerical] results obtained are shown graphically 
in Figs. 5, 6, 7, and 8, wherein the first two illustrate 
the potential and counter-ion distributions in case (1), 
and the last two are the corresponding distributions 
in case (2). In these figures, the dotted curves were 
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Fic. 8. Counter-ion distributions for different values of o at a fixed 
value of \. (Effect of polymer concentration.) 


calculated from Eqs. (77) and (78) and are included 
for comparison. 

As an illustration, consider an aqueous solution of 
rigid spherical macro-ions whose radius and molecular 
weight are A=200 A and M=100000. Then, o=0.3 
represents a solution as dilute as c=0.00036 g/100 ml. 
Let N* be the total number of ionizable groups per 
macro-ion, which are assumed, in the present model, to 
be distributed uniformly over the surface of the polymer 
ion. The degree of ionization y of the macro-ion in the 
state where m counter-ions are liberated in each free 
volume is given by 


y= DkTad/N xe. 


Taking, for example, 7=300°K and NVy4= 100, A= 24.3 
is found to correspond to y=0.7. The y values for other 
values indicated in the figures are found readily. 

Figures 6 and 8 reveal the strong tendency of the 
counter-ions to cluster near the macro-ion, a condition 
which obtains even at such extremely low concentra- 
tions as would be beyond the limit of experimental 
investigation. In particular, Fig. 8 suggests that it is 
practically impossible to reach, in experimental work, 
the ideal state as assumed in the calculation of 
Katchalsky, Kiinzle, and Kuhn,!5 where counter-ions 
are sufficiently removed from the macromolecules that 
they do not interfere with the interaction of the fixed 
charges. These results agree with those demonstrated 
by Alfrey ef al.? for rodlike molecules, and in part 
confirm the phenomenon which has been called by 
Kagawa" “fixation of counter-ions.” 

16 Katchalsky, Kiinzle, and Kuhn, J. Polymer Sci. 5, 283 


(1950). 
16 J. Kagawa and K. Katsuura, J. Polymer Sci. 9, 405 (1952). 


Figures 5 and 7 indicate unexpectedly good agree- 
ment of the zeroth-order approximate solution for the 
potential, Eq. (77), with the present solution, except 
for the case \= 24.3, for which Eq. (77) gives too large 
a value. It appears that the degree of approximation 
of Eq. (77) becomes better for lower values of either \ 
or a. From the agreements demonstrated, we may infer 
that for a set of values of o and X such that 0<0<0.3 
and 0<\ <10, Eq. (77) may be used with fair reliability 
for calculating the electrostatic potential around each 
rigid spherical macro-ion in a solution containing no 
added salt. In contrast to such good agreement for the 
potential functions, the counter-ion distributions calcu- 
lated from the corresponding zeroth-order approxima- 
tion, Eq. (78), differ greatly from the present more 
correct solution, as shown in Figs. 6 and 8. It must be 
kept in mind, however, that the present solution is 
probably not very reliable as regards the counter-ion 
distribution, because this distribution is very sensitive, 
and hence erroneously estimated by the approximation 
ev=[ 1+ (y/5) ]®. Nevertheless, it seems to be of interest 
that the approximate solution manifests the charac- 
teristic association of the counter-ions to the highly 
charged macro-ion, in accordance with the concept of 
“jon-fixation” reached by Kagawa and his co-workers 
through a number of experimental investigations. This 
is probably because of the nonlinear character of the 
approximated Poisson-Boltzmann equation, though its 
nonlinearity is far less than that of the original equation. 

Finally, mention must be made of the reliability of 
the plotted curves in the vicinity of r/a=1. In all 
cases examined, the y values (hence, p/A) in this region 
far exceed the limit of applicability of the present 
approximation. Accordingly, no quantitative reliability 
may be attached to the plotted curves in the neighbor- 
hood of the macro-ion. Probably, the true curves rise 
more steeply near the macro-ion, and thus result in a 
more marked association of the counter-ions. 
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Interrelation of Gaseous Viscosity, Self-Diffusion, and Isotopic Thermal Diffusion* 
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The general interrelation of the theoretical first approximations to viscosity, self-diffusion, and thermal 
diffusion previously derived is modified to conform with a simpler and more accurate approximation for the 
thermal diffusion ratio due to Kihara. The accuracy and limitations of this interrelation are discussed, with 
particular regard to the effect of considering higher approximations to the transport properties. With the 
recently published results for the modified Buckingham potential as a guide, the relation is further simpli- 
fied, leading in particular to an approximate relation between viscosity and thermal diffusion which is shown 
to be in good agreement with the experimental data for argon. 





INTRODUCTION 


HEN a binary mixture of gases is confined in a 

vessel consisting of two bulbs, one at a tempera- 

ture JT. and the other at a lower temperature 7), the 

composition of the mixture differs in the two regions. 
According to the kinetic theory! 


T2 kr 
Ax= f fl, (1) 
m 


1 


where Ax is the difference in the mole fraction of one of 
the components in one bulb compared to the other bulb. 
The quantity kv, known as the thermal diffusion ratio, 
is a function of the temperature. According to the mean 
value theorem 


kr(T)=Ax- (InT2/7;)—, (2) 


where 7’ is some temperature between 7; and T>. The 
value of T' to be assigned to a value of kr determined 
experimentally by the right side of Eq. (2) depends, 
according to Eq. (1), on the exact temperature de- 
pendence of kr. 

The thermal diffusion ratio also depends on the 
molecular weights, M4 and Mz, of the two components, 
and on their mole fractions, x4 and xg. For the 
special case of heavy isotopes kr is proportional to 
*4%—3(M4—Mp)/(Mat+M ap). Two quantities, Rr and 
kr*, have been defined to be independent of this factor. 
Rr expresses the thermal diffusion ratio in units of the 
theoretical first approximation to kr for molecules 
behaving as hard spheres. Even experimental values of 
Rr thus depend on the choice of the hard sphere value, 
for which two different theoretical approximations are 
available. To avoid this ambiguity Mason? has recently 
proposed the use of 


k7(Mst+M 
kot= r( A B) (3) 
x4xp(Ma—M zp) 


which is adopted here. 








*This work was supported by a St. John’s University Summer 
Research Grant. 

‘Hirschfelder, Curtiss, and Bird, Molecular Theory of Gases 
and Liguids (John Wiley and Sons, Inc., New York, 1954). 

*E. A. Mason, J. Chem. Phys. 22, 169 (1954). 
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The two different first approximations to kr* are 
derived from the very involved exact theoretical result 
by the method of Chapman and Cowling,’ and the 
method of Kihara.* These are designated by [kr* ],°° 
and [kr*],*. 


15(2A*-+5)(6C*—5) 
Lkr*)i°°= (4) 
24*(16A*—12B*4+55) 





ver 15(6C*—5) 
a ” 





(5) 


The quantities A*, B*, and C* are ratios of collision 
cross section integrals and for a given gas are functions 
of the temperature only. 

The complicated second approximation according to 
the method of Chapman and Cowling has been evalu- 
ated by Mason? for the realistic modified Buckingham 
potential and compared with the two first approxima- 
tions. He concludes that (kr*),* is generally more 
accurate than the more cumbersome [kr*],°°. One 
purpose of the present paper is to present in terms of 
Kihara’s approximation the interrelation of isotopic 
thermal diffusion, viscosity, and self-diffusion pre- 
viously derived on the basis of Chapman and Cowling’s 
expression. 


THE GENERAL INTERRELATION OF kr*, D, AND n 
In combination with the relations 


B*=C*(4—3C*—d InC*/d InT), (6) 
and 
(6C*—5)=2(2—n), (7) 


where is the constant pressure derivative of the 
logarithm of the self-diffusion coefficient D with respect 


3S. Chapman and T. G. Cowling, The Mathematical Theory of 
Non-Uniform Gases (Cambridge University Press, Teddington, 
England, 1952). 

4T,. Kihara, Imperfect Gases (Asakusa Bookstore, Tokyo, 
Japan, 1949). Translated into English by the U. S. Office of Air 
Research, Wright-Patterson Air Force Base. 

t These are the quantities used by Mason and by Hirschfelder, 
Curtiss and Bird (see reference 1). They are related to the A, B, 
and C of Chapman and Cowling as follows: 54 =2A*; 5B=3B*; 
5C=6C%*, 
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to In7J,{ Chapman and Cowling’s first approximation 


leads to® 
15(2A*+5)(2—n) 


+ 4AT4d*+-16—2(S—s)—<) 





(8) 


where q is dn/d\nT. According to the first approxima- 
tions of the theory to the coefficients of viscosity, 7, and 
self-diffusion at one atmosphere, both coefficients re- 
ferring to the same isotope of molecular weight M, 


A*=MD/98.45nT (9) 


so that Eq. (8) interrelates the three transport proper- 
ties, k7*, D, and ». 

The corresponding relationship derived from Kihara’s 
more accurate expression is considerably simpler, and 
can be written as 


MDkr*=184.6nT (2—n). (10) 
Equation (10) is subject to the following limitations: 


(1) It is based on the results of the Enskog-Chapman 
kinetic theory which assumes!: (a) The temperature is 
not so low that quantum effects become important. 
This point is about 200°K for the lightest gases,° lower 
for others. (b) The temperature is not so high that 
excited energy states become important (causing in- 
elastic collisions). This restriction appears to be severe 
only for thermal conductivity. (c) The density is not 
so high that triple collisions become important. (d) The 
density is not so low that either the dimensions of the 
vessel are large compared to the mean free path, or the 
gradient of any physical property is appreciable com- 
pared to the inverse of the mean free path. (e) The 
molecules are spherically symmetric. Although spheri- 
cally symmetric potentials can account for single 
properties of unsymmetric molecules, different sets of 
parameters appear necessary for different properties.’ 
The restriction to symmetric molecules may therefore 
be necessary for interrelations such as Eq. (10). 

(2) Equation (10) is valid only for isotopes for which 
(Ms4—Ms)/(Ms+Mpz) is less than about 0.15, since 
at larger values the dependence of k7* on this quantity 
becomes appreciable.’ This restriction affects hydrogen 
and helium. 

(3) Only the first approximations for y, D, , and kr* 
have been considered. Higher approximations are con- 
sidered in Appendix I, where it is shown that errors due 
to the first approximations largely cancel. 

(4) Equation (7) is based on the assumption that the 
intermolecular potential is temperature independent.® 
For actual potentials, this appears to be equivalent to 
limitation (1b). An artificially temperature dependent 
potential is discussed in Appendix II. 


t The constant density derivative, sp, used by Mason is n—1. 

5 E. M. Holleran and H. M. Hulburt, J. Phys. Chem. 56, 1034 
(1952). 

6 &. A. Mason and W. E. Rice, J. Chem. Phys. 22, 522 (1954). 

7 E. A. Mason and W. E. Rice, J. Chem. Phys. 22, 843 (1954). 

8 E. R. S. Winter, Trans. Faraday Soc. 46, 81 (1950). 
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(5) The most severe limitation at the present time 
to the practical application of Eq. (10) is the scarcity 
of experimental data. Viscosity measurements appear 
to be adequate, but self-diffusion and thermal diffusion 
data are too sparse in most cases. The greatest difficulty 
is encountered in the evaluation of the factor (2—n), 
first because x is difficult to determine accurately from 
the diffusion measurements, and second because its 
value is always close to two. 


THE CASE OF CONSTANT A* 


Equation (10) can be simplified by taking A* to be 
constant. This appears justified on the basis of the best 
theoretical results. Table I includes Mason’s values of 
A* for the modified Buckingham potential as a func- 
tion of T*=kT/e for a=14. (€/k and a are adjustable 
parameters of this potential.) From this it is seen that 
A* is nearly constant over a considerable range of 7*. 
Similar results are shown by this potential 
with other values of a, and also by the Lennard-Jones 
12, 6 potential,? A* being constant within about two 
percent from 7*=0.5 in all cases to 13 for a=12 (the 
worst case), 27 for a= 15, and 100 for the Lennard-Jones 
model. For most gases ¢«/k is over 100 (exceptions*”: 
He, 9.16; Hs, 37.3; Ne, 38.0), and the approximate 
constancy of A* thus extends over a very wide range of 
temperature. For example, argon (a=14; «/k= 123.2) 
has A*=1.12 within 1 percent between about 125°K 
and 1470°K, and within 2 percent between 55°K and 
2300°K. 

From smoothed experimental data for viscosity and 
self-diffusion A* for argon appears to be 1.105+2 per- 
cent between about 120°K and at least 350°K, but 
falling off below this to a value 7 percent lower at 
78°K." A similar drop appears to occur for neon in the 
same temperature range (but different 7* range). 
This sort of behavior implies one or more of the follow- 
ing: (1) Eq. (9) is incorrect or inapplicable. (2) Neither 
the modified Buckingham nor the Lennard-Jones 
potential can account for the two properties, viscosity 
and diffusion, with the same set of parameters for the 
same gas. (3) The experimental data are inaccurate. 
The third possibility seems the most likely, especially 
since the apparent falling off of A* is based on only two 
low temperature experimental values for argon, and 
only one for neon. We will therefore assume in what 
follows that the theoretically predicted behavior of A* 
is more reliable than present experimental results. 

Equation (10) can be written in the form 


kp*=2*(2—n), (11) 


where 2*, which is 15/8A*, can be considered constant. 
A similar conclusion was reached" concerning Eq. (8) 
even though the factor corresponding to z* is much 


9 Hirschfelder, Bird, and Spotz, J. Chem. Phys. 16, 968 (1948). 
10 E. M. Holleran, J. Chem. Phys. 21, 2184 (1953). 
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TABLE I. Pertinent quantities for the modified Buckingham potential with a= 14 (see reference 2). 
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Col. 1 2 3 4 5 6 7 8 9 10 11 12 
100s4 dkr* -_ - 

T* A* 10°54 sol [kr*¥]iX dlnT 104A (y-—A) dA/dinT 10% 10% 102(¢+« +x) 
0.0 1.0065 0 0.0 0.3105 0.00 20 —3 0 0.00 0.90 0.90 
0.2 1.0374 52 — 40.0 0.2341 —0.16 13 7 —17 — 1.34 2.56 1.19 
0.4 1.0932 62 — 240 0.0451 —0.26 1 5 —6 —2.14 7.32 5.03 
0.5 1.1070 39 1300 — 0.0042 —0.17 0 2 0 — 1.40 — 12.00 — 13.25 
0.6 1.1128 18 120 — 0.0254 — 0.06 0 0 1 —0.50 0.78 0.28 
J.8 1.1142 —8 — 80 — 0.0163 0.12 0 0 —1 1.01 —0.61 0.39 
1.0 1.1106 —18 120 0.0252 0.24 0 0 3 1.98 —3.17 —1.25 
1.2 1.1067 — 20 44 0.0756 0.31 2 —1 11 2.54 —2.91 —0.44 
1.4 1.1037 —18 24 0.1267 0.34 4 —1 21 2.80 — 3.24 —0.53 
1.6 1.1013 —14 14 0.1735 0.35 7 —2 29 2.86 —3.17 —0.40 
1.8 1.0999 —10 7.9 0.2146 0.34 11 —3 36 2.83 — 2.94 —0.19 
2.0 1.0990 —5 3.4 0.2506 0.33 15 —3 40 2.75 —2.71 —0.03 
2.5 1.0987 5 —2.7 0.3213 0.29 24 —2 46 2.42 —2.12 +0.25 
3.0 1.1002 11 —5.0 0.3710 0.26 32 —1 46 2.10 — 1.40 0.64 
3.3 1.1026 15 —6.3 0.4069 0.22 39 0 43 1.78 — 0.84 0.93 
40 1.1050 19 —7.5 0.4325 0.19 45 1 39 1.53 —0.38 1.15 
5 1.1101 23 — 8.3 0.4660 0.14 53 2 32 1.16 0.41 1.57 
6 1.1147 24 — 8.3 0.4868 0.10 59 2 24 0.82 0.88 1.70 
8 1.1224 23 —7.6 0.5055 0.05 65 2 13 0.44 1.50 1.94 

10 1.1281 22 —7.1 0.5114 0.03 67 2 7 0.23 1.84 2.07 

20 1.1449 20 —6.5 0.5074 —0.02 68 0 —4 —0.13 2.29 2.16 

30 1.1542 20 —6.5 0.4994 —0.01 67 1 —2 —0.07 2.24 2.17 

50 1.1668 22 —7.2 0.4930 0.01 67 1 3 0.09 2.13 2.22 

100 1.1858 25 —7.9 0.4998 0.03 70 K | 8 0.26 1.94 2.20 
200 1.2068 27 —8.1 0.5182 0.05 77 4 14 0.43 1.83 2.26 



















more complicated, and involves m and g.§ An inspection 
of Mason’s tabulations shows that, in the absence of 
prior information concerning a given gas, but assuming 
that the modified Buckingham potential will apply, A* 
can be taken as 1.11 with an uncertainty of only two or 
three percent over very wide ranges of 7* for any 
reasonable a. The relation then becomes 


k7*=1.69(2—n). (12) 


A knowledge of a, or accurate experimental values of 
A*, may produce a slightly improved value for z*, but 
in most cases, except at very high or low temperatures, 
the inherent error of Eq. (12) is less than the usual 
experimental error of thermal diffusion measurements. 

The accurate experimental determination of n from 
self-diffusion measurements remains the most difficult 
problem, however. The simplest procedure is to evaluate 
AlnD/A |nT, the increment of InD divided by the corre- 
sponding increment in In7J for two experimental de- 
terminations of D(7). As will be seen, this procedure 
is practical only for fairly large increments. A InD/A InT 
is then equal to m at some unknown intermediate tem- 
perature. Fortunately, the constancy of A* leads to the 
result that the temperature appropriate to m deter- 
mined in this way from two self-diffusion measurements 
at T; and T, is the same as 7’, the temperature to be 
assigned to the thermal diffusion ratio measured be- 





§ 2* differs from z of reference 10 in two respects: (1) it is based 
on Kihara’s approximation rather than Chapman and Cowling’s, 
and (2) it refers to kr* rather than Rr. 


tween the same two temperatures. Thus 
kr*(T) =1.69(2— A InD/A InT), (13) 


irrespective of the temperature dependence of kr* or n, 
that is, no matter what (unknown) value 7 assumes 
between 7; and 7». An equivalent expression is ob- 
tained from Egs. (2) and (3): 


Ax(T1,T2) = 1.690 In (D,T?/D.TY), (14) 


where Ax(71,72) is the difference in mole fraction of 
either isotope between the two regions at 7; and 7». 
QO is x4xp(M4—Mp)/(Mit+Mz). It might be noted 
that while kr* is constant for constant 7’, Ax is not. 

In these equations small errors in D lead to relatively 
large errors in k7* and Ax. The ratio of the percentage 
error in ky* as calculated from Eq. (13) to the experi- 
mental percentage error in D2/D, is equal to 1.69/kr*A 
In7, assuming a negligible error in 7;/7;. Thus even 
for the rather high kr* value of 0.6 this ratio is 5 for 
T2=1.767), and 10 for T,= 1.337}. 

When more than two values of D are available, the 
utility of the measurements is greatly improved by 
smoothing. It is then possible to calculate T as a func- 
tion of JT, and 7», and to estimate m and k7* for any 
given temperature in the range of the data. The ac- 
curacy of such results depends of course on the accuracy 
of the data, but it is also appreciably sensitive to the 
method of smoothing, since many curves differing con- 
siderably in slope at various points can reasonably fit 
the data if they are sparse. It is therefore very helpful 
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to know the appropriate form of empirical equation to 
employ. One fairly simple form is implied by the results 
of experimental measurements of the thermal diffusion 
ratio by Stier." 


THE CASE OF kr* LINEAR IN InT 


Stier’s data for argon and neon isotopes obey the 
empirical equation 


kr*=a* |In(T/b), (15) 


where a* and 3b are constants.|| This behavior is in 
limited qualitative agreement with the predictions of 
the modified Buckingham and Lennard-Jones poten- 
tials, according to which the curves kr* versus InT, 
while obviously not linear (see Table I, columns 5 
and 6), can be approximated by straight lines within 5 
percent (Stier’s experimental error) for 7* between 
about 1 and 5. The neon measurements, however, are 
for temperatures well beyond this (7* between about 
3.5 and 19), and the reported values are much too high 
to be consistent with viscosity measurements, accord- 
ing to these models. The steep repulsive potential im- 
plied by these high values is also inconsistent’ with the 
results of high velocity atomic beam scattering experi- 
ments.” For these reasons the thermal diffusion data for 
neon are doubtful and will not be considered further 
here. For argon, the temperature range is about right, 
and the numerical values are in fair agreement with the 
modified Buckingham potential.” We will therefore 
assume that Eq. (15) can represent thermal diffusion 
measurements within the rather large experimental 
error over an important part of the temperature range. 

When Eq. (15) is valid 7 is (7:72)3, and D should 
obey the empirical equation” 


InD=Inap+8p(InT)+yp(InT)?, (16) 


where ap, Bp, Yp are constants. Bp and yp are related 
to a* and 6 as follows: 


Inb= (2—Bp)/2yp. (17) 


For argon, the observed kr* values give a*=0.228, 
b=91.0°K." With z* = 1.69 these lead to Bp = 2.610 and 
yp=—0.0676 which with Inap=—14.382§ reproduce 
Winn’s diffusion data" within 1.5 percent which is also 
within the reported experimental error. Assuming 
Stier’s thermal diffusion data for argon to be correct 
up to the highest temperature. (729°K), Eq. (16) with 
the constants just given should be useful for extrapolat- 
ing the diffusion data beyond the present experimental 
temperature range. The calculated D values (for 1 


a* = —22*yp; 


1 L, G. Stier, Phys. Rev. 62, 548 (1942). 

|| a* is smaller than the a of references 10, 11, and 13 by the 
factor 105/118. 

27, Amdur and E. A. Mason (to be published). 

13 FE. M. Holleran, J. Chem. Phys. 21, 1901 (L) (1953). 

§ These values differ somewhat from the values found (see 
reference 10) on the basis of Chapman and Cowling’s approxima- 
tion. 

4 E. B. Winn, Phys. Rev. 80, 1024 (1950). 
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atmos pressure) at 400°, 500°, 600°, and 700°K are 
0.310, 0.461, 0.636, and 0.831 cm? sec. 

The results of the reverse procedure of finding 8p, yp, 
and thence a*, 6, and k7* from diffusion measurements 
are not so good at present. A least squares fit of Eq. (16) 
to Winn’s six measured values for argon give 8 p= 2.860, 
p= —0.09094. These lead to a*=0.303 and 6=113°K 
which differ from the observed values by more than the 
experimental error,° 

Presumably, trustworthy values of m and k7* can be 
found from more abundant experimental diffusion 
data when these become available. Until then it may 
be useful to estimate » and k7* from the more extensive 
and accurate viscosity data. The practicality of this 
depends on exactly how constant A* is. 


VISCOSITY AND THERMAL DIFFUSION 


From Eq. (9) it is seen that n=1+5s,+5., where s, 
is d Inn/d InT and sa is d InA*/d InT. Since A* is nearly 
constant, s4 can be expected to be small. If it can be 
neglected, we have 


k7*=1.69(1—s,), (18) 


which would be more useful than Eq. (12) at the present 
time because of the better viscosity data. However, 
omitting s4 from the parenthesis of Eq. (18) assumes a 
much stricter constancy for A* than has been assumed 
heretofore. Table I includes s,4 as a function of 7* for 
the modified Buckingham potential with a=14, s4 
having been found as the difference between the sp and 
5, which are tabulated by Mason. From this it is seen 
that the absolute error in k7*, which is 1.69s,, lies 
between the limits of +0.05 for T* above about 0.55. 
Column 4 of Table I lists 100s4/(sp—1) which is the 
percentage error in kr*, according to this molecular 
model, caused by using Eq. (18) rather than Eq. (12). 
The error is less than 8.5 percent for 7* above 1.8, much 
smaller near 7*=2.26 where it vanishes, and much 
larger near the inversion temperatures. Other values 
of a show similar results, except that for small a the 
error becomes larger at very high temperatures. Even 
for a=12, however, the error is less than 10 percent 
for T* between 1.6 and 13. 

Thus Eq. (18), although subject to this inherent 
error which is on the average much greater than that of 
Eq. (12), is to be preferred in many cases at the present 
time as a means of estimating the thermal diffusion 
ratio. This also applies to the relation corresponding 
to Eq. (14): 

Ax= 1.690 In(mT2/n2T1). (19) 


An error arises here from neglecting Ai*/A* in the 
argument of the logarithm. As has been seen, according 
to the modified Buckingham potential, A,* and As" 
may differ by a few percent in the temperature range 
under consideration, again leading to appreciable error. 
However, A:* and A,* may be practically equal, and 
the error quite small, if 7; and 72 happen to straddle 
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VISCOSITY, SELF-DIFFUSION, 
the point at which s4 vanishes, so that T is near this 
point. 

For the temperature range in which kr* can be con- 
sidered linear in InT the approximation of constant A* 
gives 
Inn=Ina,+8,(In7)+~7,(InT)? (20) 


asan empirical equation for the temperature dependence 
of viscosity, with the constants 6, and y, determinable 
from thermal diffusion. These constants are related to 
those of Eqs. (16) and (17) as follows for A*=1.11: 


a= Map/109.3; B,=Bo—1; Y.=vYo. (21) 


The values of a* and b found from Stier’s thermal 
diffusion data for argon give 6B,=1.610, y,=—0.0676. 
Using these constants in Eq. (20), together with 
Johnson and Grilly’s 17 experimental viscosity values 
between 77.9°K and 296°K," gives calculated values of 
Ina, equal to —15.3754+0.0040 except for the two 
lowest temperatures (77.9° and 90.3°K) where appre- 
ciable deviation occurs. Equation (20) with this constant 
value of Ina, and the thermal diffusion values of 8, and 
7, just given can therefore reproduce the 15 experimental 
viscosity values above the two lowest within four-tenths 
of one percent. 

The reverse procedure of calculating kr* from vis- 
cosity measurements is also successful in this case. The 
least squares fit of Eq. (20) to the data of Johnson and 
Grilly (omitting the two lowest points which do not fit 
well even when included) reproduces the viscosity data 
within 0.36 percent with the constants: Ina,= — 15.3823, 
8,=1.6075, y,=—0.06687. These yield kr*=0.226 
In(T/93.9) as the predicted behavior of the reduced 
thermal diffusion ratio. The constants of this equation 
are so close to the experimentally determined values 
that a rather good reproduction of the thermal diffusion 
data results. Table II shows that the agreement is 
excellent except at the two lowest temperatures. Dis- 
crepancies can be expected at these temperatures 
because (1) 7; is below the temperature region in 
which Eq. (20) is valid; (2) Eq. (15) fails for the lowest 
kr* value; and (3) according to the modified Bucking- 
ham potential, the neglect of s4 by Eq. (18) should 
cause considerable error below about 200°K for argon. 
A relation similar to Eq. (18) was derived'*-!7 on the 
basis of the inverse power model (see Appendix II) and 
was shown by Stier to give fairly good agreement with 
his data. 

The experimental viscosity constants of Eq. (20) 
can also be used to calculate the self-diffusion coefficient. 
Substitution of the viscosity constants in Eqs. (21) 
with M=40 gives Inap=—14.3771, Bp=2.6075, 
Yp= — 0.06687. Values of the self-diffusion coefficient 
calculated from Eq. (16) with these constants agree with 
Winn’s results within the experimental error except 


uses L. Johnston and E. R. Grilly, J. Phys. Chem. 46, 948 


*R. C. Jones, Phys. Rev. 58, 111 (1940). 
" H. Brown, Phys. Rev. 57, 242(L) (1940). 
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TABLE II. Thermal diffusion ratios for argon, observed, and 
calculated from viscosity. 











T1 T2 (T1T2)4 kr*(obs) kr*(n) 
90 195 132 0.060 0.078 
90 296 163 0.134 0.126 
195 296 240 0.221 0.214 
195 495 311 0.278 0.274 
273 623 412 0.346 0.338 
455 685 558 0.415 0.408 
638 833 729 0.475 0.469 








at the two lowest temperatures 77.7°K and 90.2°K, 
where the errors are still only 1.8 percent and 2.4 per- 
cent in spite of the fact that the viscosity constants are 
invalid for temperatures this low. 

It has thus been seen that in the case of argon John- 
son and Grilly’s experimental viscosity data, Winn’s 
self-diffusion data, and Stier’s thermal diffusion data 
can be represented rather well by the three empirical 
equations, (20), (16), and (15), with only three inde- 
pendent arbitrary constants among them. The experi- 
mental quantity Dk7r*/nT(2—n) is therefore easily seen 
to be constant at 4.62 as required by Eq. (10) with 
M=40. 

These particular empirical equations cannot be ex- 
pected to be so successful generally. More elaborate 
empirical equations may be needed in many cases when 
extensive data are available. Occasionally, however, 
especially for limited temperature ranges, even simpler 
equations may be useful. For example, Sutherland’s 
equation may sometimes be valid for viscosity or diffu- 
sion, in which case Eq. (12) reduces to k7*=0.84(T—C)/ 
(T+C), where Sutherland’s constant, C, is preferably 
determined from diffusion data. A similar relation, 
k7*=0.89(T—0.98C) /(T+-0.92C), was given by Jones'® 
on the basis of the high temperature results of Suther- 
land’s intermolecular potential. Unfortunately, the 
Sutherland equation is frequently incapable of repre- 
senting correctly the slope of InD or Inn versus InT 
except over very limited temperature intervals. It is 
not adequate, for example, in the case of the argon 
viscosity data discussed above. 

More promising is the possibility that, as predicted by 
the modified Buckingham and Lennard-Jones poten- 
tials, at very high temperatures k7* may be nearly 
constant, and InD and Inn approximately linear in In7. 


APPENDIX I. THE EFFECT OF CONSIDERING HIGHER 
APPROXIMATIONS TO THE TRANSPORT 
PROPERTIES 


The kinetic theory expressions for the transport 
properties can be written as 


n=[nh(it+y); D=LD).(1+4); 
kr*=[kr* ji (1+) (22) 
where [m]:, [D]:, [kr*]:, represent the first nonzero 


approximation expressions of the theory for », D, and 
kr*, to which Eqs. (22) reduce upon insertion of the 
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first approximations to y, A, and « which are zero. 
Higher approximation expressions for y, A, and x 
rapidly become very complicated, but these quantities, 
especially y and A, are so small compared to unity 
that the second approximations are probably sufficient 
for many purposes. However, the third approximations 
to y and A are available for the modified Buckingham 
potential,? and these values will be used here. (A for 
a= 14 is included in Table I, column 7.) 

One source of error in Eq. (10) is the fact that Eq. (9) 
relating A*, D, and 7 is derived on the basis of the first 
approximations to D and n. When actual values of these 
coefficients are used A* is therefore not strictly given 
by Eq. (9), but more exactly by 


A*=MD(1+y—A)/98.45nT. (23) 


Table I, column 8, lists y—A to the third approxima- 
tion according to the modified Buckingham potential 
with a= 14. Other values of a give similar results. Due 
to a remarkably close parallelism between A and y¥, 
the error caused by using actual values of D and » in 
Eqs. (9) and (10) is seen to be quite unimportant. 

Another source of error in Eq. (10) and subsequent 
relations is the fact that Eq. (7) is derived from the 
expression for [D],. The actual value of m is therefore 
not strictly equal to 9/2 —3C* as stated in Eq. (7), but 
is given by 


n=9/2—3C*+dA/d InT. (24) 


Because k7* is very sensitively related to the value of n, 
neglect of the term dA/dInT may lead to appreciable 
error. To estimate the size of this error according to 
the modified Buckingham potential Kihara’s second 
approximation expression for A will be used: 





A= (6C*—5)?/(16A*+40). (25) 
This gives 
dA  12AdC*/dInT 
dinT  (6C*—5) 


3(6C*—5) (4C*—3C*— B*) 
iW (44*+10) 





, (26) 


assuming constant A*. This assumption is equivalent to 
neglecting the term s4A*A/(A*+2.5) which is always 
less than 10~ according to the modified Buckingham 
potential. The rightmost member in Eqs. (26) was 
obtained with the help of Eq. (6). Table I, column 9, 
lists dA/d InT for a=14. Omission of this quantity is 
seen to produce an error (~1.69dA/dIn7) in calcu- 
lated kr* which is at most 0.008 in absolute magnitude. 
Column 10 lists ¢, defined as 2(dA/d InT)/(6C*—5) so 
that 100¢ is the percentage error in k7* from this source, 
and the factor (2—m) in Eqs. (7), (10), etc. should be 
replaced by (2—m) (1+). The error is seen to be about 
two or three percent over an important part of the 
temperature range. 


HOLLERAN 


It should be noted that the quantities A, dA/d InT, 
and ¢ can in principle be determined from experimental 
data for kr*, a procedure which would be preferable if 
sufficiently accurate data were available. Thus, Eqs. (5) 
and (25) with A*=1.11 give A~0.024 kr*; dA/d\nT 
=0.049 kr* (dkr*/d InT) ; e~0.082 (dk7*/d InT). When 
Eq. (15) holds, dkr*/d\InT is constant at the value 
a* (compare Table I, column 6). For argon this would 
give e constant at about 0.019 between about 150°K and 
700°K. 

The final source of error in Eqs.°(10) ff. is the fact 
that they are based on Kihara’s first approximation to 
k7*. Higher approximations have not been worked out 
by Kihara’s method. Probably the best estimate at 
present for the x appropriate to [kr*]\* is given by 
(1+«)=[Rr* ]o°°/[kr* |:*, since Chapman and Cowl- 
ing’s second approximation is presumably the most 
accurate expression for k7* now available. Table I, 
column II, lists x determined in this way for the modi- 
fied Buckingham potential with a=14. It is seen that 
errors from this source are also two or three percent 
over a large range of temperature. Fortunately, ¢ and x 
are of opposite sign and comparable magnitude in the 
temperature range in which ¢ is largest. Column 12 
shows that the combined error is quite small in this 
important temperature range, which includes room 
temperature for most gases. However, future evaluation 
of x on the basis of higher approximations to k7* may 
revise these figures somewhat. 


APPENDIX II. RELATIONS ACCORDING TO 
SIMPLE POTENTIAL MODELS 


Relations between viscosity and thermal diffusion 
have been derived in the past on the basis of simple 
intermolecular potentials. Two such relations have been 
mentioned: one based on the Sutherland potential, and 
another, which can be written as k7*~1.5(1—s,), given 
by Brown!’ and Jones'® on the basis of the inverse 
power model. Relations such as these were properly 
treated with caution, since they were based on crude 
potential models, and there was no theoretical justifica- 
tion for assuming their general validity. 

It can now be seen that these relations are roughly 
correct under certain conditions. In fact, the above 
equation of Brown and Jones differs from the approxi- 
mate relation (18) only in the constant factor. It may 
at first seem surprising that such simple potentials 
should yield relations so near the general truth. The 
basic reason for this is that the results of any spherically 
symmetric, temperature independent intermolecular 
potential must obey Eqs. (6) and (7), and therefore 
(within the limitations previously mentioned) also the 
transport property interrelations (10), etc. For the 
most realistic potentials these relations are not im- 
mediately apparent because of the complexity of the 
results. Simpler potentials have the advantage that 
relations among the various quantities are apparent 
almost upon inspection. But of course such unrealistic 
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VISCOSITY, 


SELF-DIFFUSION, 


potentials also have the disadvantages that (1) some of 
the obvious relations will not be true for actual poten- 
tials, and (2) generally true relations, like Eqs. (6) and 
(7), though obeyed, may be hidden by trivialities. 

A good illustration of this is the inverse power model, 
for which the intermolecular potential equals ar~”, 
where a and m are constants, and 7 is the intermolecular 
separation. This model gives* B* = (3m—2)(m+2)/3m? 
and C*=(3m—2)/3m. The general relation (6) is of 
course obeyed by these equations, but it cannot be 
deduced from them, and the obvious relation, 
B*=C*(4—3C*), is not generally true. 

According to the first approximations to the transport 
properties the inverse power model also gives: 


q=cl (mt) 2m. P= c!T Gmt4) 2m. Re p* = 2*(m—4)/2m, (27) 


where c and c’ are constants depending on a and m. 
z* equals 15/8A* which is approximately equal to 1.5 
for common values of m. Because m is constant, the 
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exponent (m+ 4)/2m is equal to s,, and the relation of 
Brown and Jones follows directly. The more correct 
relation, kr*=2z*(1—s,—s,), is also obeyed, but is not 
apparent because s,4 is zero. However, this same equa- 
tion in the form, kr*=2*(2—mn), does follow from 
Eqs. (27). This relation seems to have been ignored, 
doubtless because it could not compare in immediate 
usefulness with the viscosity relation. 

Application of these relations to actual cases requires 
that s,, ”, kr*, and therefore m vary with temperature. 
This violates the assumption of temperature inde- 
pendent potential required for the general validity of 
Eqs. (6) and (7), and it-can be seen that Eq. (6) cannot 
possibly hold when m varies with 7. Fortunately, how- 
ever, an ad hoc choice of a(T) permits conformity with 
Eq. (7). Acceptance of the relation, kr*=2z*(2—n), 
tacitly assumes the correct a(7), and use of the some- 
what incorrect kr*=z*(1—s,), automatically assumes 
an a(T) leading to some deviation from Eq. (7). 
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Spectra and Electronic Structure of Fluorochromate Ion, Chromyl Chloride, 
and Some Related Compounds*} 
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A semiempirical treatment, which gives satisfactory agreement between calculated and observed spectra 
for chromate and permanganate ions, has been employed to calculate the excited state energies and transi- 
tion moments for the related molecules of the chemical formulas CrO;X~ and CrO2X2. The results show 
agreement with experimental data which unfortunately are not extensive for these molecules. The calcula- 
tions indicate an absorption for SO2Cl, in the farther ultraviolet in agreement with experiment. The qualita- 
tive significance of the results, so far as the relative importance of o and z bonding, is discussed. 


INTRODUCTION 


[‘ a previous report! a semiempirical method was 
employed to calculate the energies of the ground 
state and first few excited orbitals for the inorganic 
ions, chromate (CrO,-), permanganate (MnO,-), and 
perchlorate (ClO;-). The results showed qualitative 
agreement between calculated and observed spectra 
and a greater measure of quantitative agreement than 
might have been anticipated. We have applied the same 
simple approximate method to the ions (and molecules) 
CrO;F-, CrO3Cl-, CrOoF2, CrOeCls, and SOsCl. to test 
the usefulness of the method and to try to gain some 
insight into the electronic structure of these molecules. 





_* Abstracted from a thesis submitted by Harry Brennan in par- 
tial fulfillment of the requirements for the Degree of Doctor of 
Philosophy at Washington University. 

t Research carried out in part under the auspices of the U. S. 
Atomic Energy Commission. 

? M. Wolfsberg and L. Helmholz, J. Chem. Phys. 20, 837 (1952). 


Unfortunately no detailed spectral data exist for these 
molecules, but the qualitative agreement with observa- 
tions both with regard to energies of excitation and 
intensities is found to be good. The calculations yield 
the observed modification of the spectra which result 
from the substitution of first one and then two halogen 
atoms for oxygen, and also the observed shifts resulting 
from the substitution of fluorine for chlorine. 

Some qualitative suggestions concerning the relative 
importance of z and o bonding seem justified in view 
of the agreement obtained. 


PROCEDURE 


The calculation of the orbital energies was carried 
out by the method outlined in the previous paper. 
Some simplifications have been introduced. The tetra- 
hedral angle has been assumed for all bond angles in 
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TABLE I. 
Representa- 
tion Cr Halogen Oxygen 
Cav —CrO3X~ 
A; S, (3)4(dey+dze+dyz), “1 (3)#(o2+o3+o4), (3)4(wr2+mx3+724) 
($)3(pet+py+pPz) 
A» (3) 4 (ry2+aryst+ays) 
E ($)* (dest dys— 2dzy), (3)4(2p.— Po~ py), dz Wr (§)3(o3-+o4—202), (%)3 (wx3-+-324— 2022), (3)4 (rys—arys) 
(4)#(dze—dyz), (3)? (pz — py), day 71 (2)#(os—o4), (3)8(w2s—mas), (§)*(2ry2—mys—Ty4 
Cov —CrO2X2 
A, 5, G2, dzy (B)¥(oston), (3)3 (ryst+mvs) (3)#(o1+02), (3)#(ayit+my2) 
Ao dz*_y 2 + (az3 1x4 (12, Tx2 
B, ()¥(dee-+ dye) (3)4 (23 — 7x4) (3)#(o1—o2), (3)#(7y1—7ry2) 
B, (3)4 (dzz—dyz) (3)#(o3—o4), (3)3 (ys —7ys) (3)3 (423-22 





































spite of the fact that electron diffraction? and x-ray® 
results indicate deviations from 109°28’ by as much as 
five degrees. The 4p orbitals of chromium have not 
been considered in the chromyl compounds, since it 
was found in previous calculations on CrO,;- that 
neglect of these orbitals caused only minor differences 
in the molecular orbital energies. Finally the orientation 
of the oxygen and halogen orbitals have been taken 
so as to give the simplest form for the combinations 
belonging to the irreducible representations of the 
symmetry group in question. Since the form of the 
wave functions depends on this choice, the orientations 
are given in Fig. 1 in terms of the direction cosines of the 
orbitals relative to the axial system indicated on the 
central atom. The atomic orbitals and combinations of 
equivalent orbitals belonging to the indicated irredu- 
cible representations are given in Table I. 

The empirical method, discussed in some detail in 
the presentation of the calculation on MnO; and 
CrO,-, involves the solution of secular determinants of 








Fic. 1. Orientation of atomic orbitals. CrO;X~: X(1): o1, 
rests — (3)#, — (4); mri, —(§)4, —(G)4, (2)8/(3)8; mn, — (8, 
+(3)4, 0. Oxygen (23,4): oe (4), (24, —(4)45 area, (4, (2)4, 
(2)#/ (3)4; my2, +(4)%, — (3)4, 0. The corresponding orbitals on the 
other oxygen atoms can be obtained by the Oran of the three- 
fold axis. CrOsX2: X & 4): —()h, (3), (4)3, 1 +3), 
+(})#, 0; wys, — (3), +(3)8, —24/ 3. en en (1,2): 0 3), 
— (3), — 4); aan, +), Wy, Ose — &)t, — G4, + (20/398 
The corresponding orbitals on atoms 2 and 4 may be obtained by 
the operations of the twofold axis (Z-axis) of Coy. 


2K. J. Palmer, J. Am. Chem. Soc. 60, 2360 (1938). 
— and W. R. Foster, J. Am. Chem. Soc. 72, 4971 












the form | H;;—G;,;e| =0 by means of the approximation 
A;;= Kg, wl (Hit ;;)/2 |Gi;. The H;,’s for chromium 
were employed in previous calculations as adjustable 
parameters, but set very nearly equal to the valence 
state ionization potentials.* In the present calculation 
the values have been taken equal to the values used in 
the CrO, case minus 0.5 ev for each decrease in nega- 
tive charge on the molecule, for example Haq Cr (in 
CrO.-) = —8.5 ev, Haag Cr (in CrO;F-) = —9.0 ev, and 
Haa Cr (in CrO2Cl.) = —9.5 ev. We felt that the correc- 
tion would take into account the effect of decreasing 
negative charge on the atoms as the negative charge on 
the molecule as a whole decreased ; however, the ener- 
gies of the low-lying transitions are relatively insensitive 
to these shifts, and in the absence of ionization data 
we are unable to check the correctness of the magnitude 
of the changes. The value of H;; Cl was taken as equal 
to that for oxygen, and that for fluorine 1 ev lower than 
the oxygen values. The empirical constants, K, for ¢ 
overlaps and K, for z overlaps, were taken to be 1.6/7 
and 2.00, respectively, the same values used previously. 
The G(i,7) are the group overlap integrals, for example: 


J de-C@) Nortor20:)dr=Gel de, o(oxygen)] 


(see Table I). 

The experimental spectra are shown in Fig. 2 and the 
results of calculations for CrO;F- and CrO.Clo, in 
Fig. 3 with the CrO,= results for comparison. With the 
assumption that the energies of transition correspond 
to the difference between the initial and final orbital 
energies, it will be seen that the qualitative changes in 
the observed energies of transition are given by the 
calculation. For example: in going from CrO;- to 
CrO;F- an absorption appears at lower energies than 
the first maximum in CrO,;= and a more intense absorp- 
tion appears at higher energies. Further calculation and 
discussion needed for a comparison of calculations and 
experiment are given in the following. 

Fluorochromate, CrO;F-, and_ chloro-chromate, 
CrO;CI-: The first transition in these ions, according to 


4R. S. Mulliken, J. Chem. Phys. 2, 782 (1934). 
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our calculations, involves the excitation of an dz non- 
bonding electron to the antibonding 5e orbital, the 
resulting state having the symmetry E. The data on 
the dichroism of the substance KCrO;Cl* indicate that 
this lowest-energy absorption is due (principally at 
least) to a transition from the A; ground state to an 
excited £ state. This information concerning the sym- 
metry of the excited states is all that exists at present. 

The excitation of a 4e electron to the Se orbital gives 
rise to three excited states of symmetries Aj, Ao, and E. 
Since dipole transitions are allowed to both A; and E 
states, a calculation of the absorption spectrum must 
include a calculation of the energies of the A; and E 
states belonging to the (4e)—! 5e configuration. The ex- 
pressions for the energies of transition to these states 
are given in Appendix I in terms of the indicated 
Coulomb and exchange integrals and the orbital ener- 
gies. We have attempted to evaluate these integrals in 
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Fic. 2. Observed absorption of CrO,-, CrO;F-, and CrO:2Clbo. 
The values of the extinction coefficients of CrO,~ have been di- 
vided by 4 as indicated. The vibrational structure in the case of 
CrO;F~ appear in less polar solvents, not in water solutions. 


the following manner. All integrals except those over 
the same atom have been neglected. The resulting ex- 
pressions for the energies of excitation contain the 
coefficients of the atomic orbitals in the normalized 
molecular orbitals and Coulomb and exchange integrals 
for these atoms. The separation between the !7», 1E, 
and '7'; excited states can be calculated for chromate 
ion in terms of similar integrals and the atomic orbital 
coefficients, and experimental values for these separa- 
tions can be obtained from the spectrum of CrO.- 
dissolved in nonabsorbing solids. The atomic exchange 
and Coulomb integrals have been evaluated from a 
comparison of calculations and observations for the 
chromate case, and the same empirically derived values 
used for both oxygen and fluorine atoms in the CrO;F- 
calculations. 

The f-values have been calculated in the same manner 
as in the permanganate calculations, with neglect of all 
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Fic. 3. Orbital energy level diagram for 
CrO,~, CrO;F-, and CrO2Cl., 


integrals except those over the same atom. The energies 
and f-values are shown in Fig. 4. The height of the lines 
indicates the magnitude of the f-values relative to 
f{(:A,>"T;) for the first transition in chromate as shown 
in the lower part of the figure. The dotted lines indicate 
the experimental position of the 'T; level (longer line) 
and the approximate position of the '£ level (shorter 
line) for chromate ion. The 'E—'T2 separation was 
used in evaluating the integrals as discussed in the 
previous paragraph. The results of these calculations 
are given in Table II. The discrepancy between calcu- 
lated f-values and those observed is somewhat greater 
(a factor of 4 to 5) than was the case for the first allowed 
chromate transition where the factor was 2.5. 
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Fic. 4. Comparison of observed and calculated spectra for 
rO," and CrO;F-. 
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TABLE II. Calculated energies of transition and f-values for visible 
and near ultraviolet absorption of CrO3F-. 











Final Configura- E(calc) f-value f-value 
state tion cm7! E(obs) calc obs 
1E(az)“"5e 19 500 0.013 
22 500 0.003 
1K (4e)15e 19 500 0.00001 
1 (3a)1Se 23 000 0.012 
1 (4e)4a, 26%400 0.042 
14, (4e)15e 27 600 0.016 
28 500 0.016 
1K (3e)15e 28 000 0.004 
14, (3e)15e 28 300 0.005 
14, (3a1) 4a, 35 600 0.063 








The calculated energies seem to be too small by two 
to three thousand wave numbers. This discrepancy 
could be removed in increasing K, and K,, but it is 
doubtful that better agreement would be of much sig- 
nificance in view of the approximate character of the 
calculation. 

The spectrum of CrO;Cl- is almost the same as that 
of CrO;F~ except that it is shifted somewhat toward 
the red. This shift is indicated by the calculation. The 
calculated shift of the second peak is 2000 cm, the 
observed 1000 cm™.® 

Chromyl chloride (CrO2Cl:), chromyl fluoride 
(CrO2F2), and sulfuryl chloride (SOsCl.): For these 
molecules with symmetry Czy, no degenerate orbitals 
exist and no refinements in the calculations of absorp- 
tion energies have been made. The absorption energies 
have been set equal to the difference between the orbital 
energies. °® 

The results are given in Table III and indicate es- 
sential agreement with experiment: a low-energy ab- 
sorption with relatively small f-value and a more in- 
tense absorption displaced toward the violet, but at 
longer wavelength than the first chromate absorption. 
The calculated energies are too small in this case, and 
the f-values too large particularly for the low-energ 
absorption. The overestimation of the f-values may be 
due, in part at least, to the neglect of the Cr 4p function 
which was found in the previous calculations to produce 


5 Two experimental facts are worth noting in connection with 
these compounds. The spectrum of chromate ion in dilute solution 
(0.0005M ) with 0.1 acid is almost identical with that of CrO;F— 
so far as the first three maxima are concerned. In such a solution 
nearly all the chromate should exist as HCrOy according to exist- 
ing equilibrium data [W. H. Latimer, Oxidation Potentials (Pren- 
tice Hall, Inc., New York, 1952)]. This effect indicates the 
approximate equivalence of the effects of OH and F on the spec- 
trum. The spectrum of MnO, in concentrated sulfuric acid 
(a green solution) bears the same relation to the MnO, spectrum 
that HCrO, bears to the CrOg= spectrum and we would predict 
that the green compound, MnO,F [K. Weichert, Z. anorg. Chem. 
261, 310 (1950) ], would show the same effect, namely, a weak 
maximum deplaced toward the red from the permanganate peak 
(5200 A) and a more intense absorption at shorter wavelength. 

6 The contribution due to Coulomb and exchange integrals 
would tend to lower the excitation energies (by less than 0.5 ev) 
and thus increase the difference between calculation and experi- 
ment. Taking the contribution due to these integrals into account 
would have been somewhat more consistent with the previous 
calculations. 
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only a slight effect on the orbital energies but a con- 
siderable influence (decrease) in the f-value of the first 
transition. 

The spectra show a shift toward the ultraviolet 
amounting to 1000 cm~ for the first absorption with 
substitution of fluorine for chlorine. The calculations 
give very closely the same energy for the first transition 
and a shift of approximately 2000 cm™ toward the 
violet for the second. 

Considerable discussion has been given the first 
absorption in CrOsCl, and CrOsF2, which apparently 
leads to dissociation. Spectra taken at low temperatures, 
however, indicate the existence of two excited states 
lying in this region one of which has a potential mini- 
mum.’ The 5a; orbital which is the excited final orbital 
in both these transitions is strongly Cr—Cl antibonding 
and probably slightly bonding with respect to Cr—O. 
The 3d.—5a; transition, furthermore, involves the 
transfer of considerable charge from the chlorine to 
chromium. For these two reasons the 36.—5a; transition 
might be associated with the repulsive state which 
would have the symmetry By, and leads to dissociation 
CrOsCls—CrO2+ Cle. 

The fact that the substitution of halogen atoms for 
oxygen atoms in CrO;~ produces absorption at longer 
wavelengths suggests that the same substitution in 
SO,;= might produce absorption in the relatively near 
ultraviolet. Calculations similar to those above in 
which only sulfur 3s and 3 orbitals were considered 
show that this should be so. With neglect of the sulfur 
3d orbitals, the a, orbitals are nonbonding and the first 


TABLE III. Calculated energies of transition and f-value for visible 
and near ultraviolet absorption of CrO2Cle. 











f-value* f-value* 
relative relative 
Transition E (calc) E (obs) calc obs 
3b2— 5a 13 000 0.1 
| 18 000 , 0.035 
3b;—5ay 0.017 
4a,—5a, 15 000 0.065 
3b2—6a1 0.082 
| 16 000 
3b;— 6a, 0.010 
2be—5a1 16 700 0.055 
2b1— Sai 17 200 0.002 | 
24 000 
3a2— 5a; 17 300 0.003 0.20 
4a,— 6a; 17 700 0.075 
2be— 6a, 19 400 0.030 
2b;— 6a, 19 900 0.127 
3a1— 6a, 20 100 0.120} 




















a f-value relative calc = ___ f-value calc COs 
f-value cale CrO4"[(ti)~!(3¢2) J 
_f-value calc CrO2Cl: 


0.22 
f-value obs CrO2Cle 


f-value CrOg"[(t1)—! (3t2) Jobs 
_ f-value obs CrO2Cly 
om 0.089 


7G. Shapenko, J. chim. phys. 47, 22 (1950). This paper con- 
tains reference to other experimental and theoretical work with 
these molecules. 





f-value relative obs = 
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absorption should correspond to a (2a2)~! 46; transition. 
The orbital energy diagram is quite different in this 
case largely because of the difference in the overlap 
integrals, the o overlaps being larger than the m over- 
laps in this case whereas the reverse is true for the 
chromium compounds. 

The observed spectra* show three bands in the ultra- 
violet, the first about 33000 cm, the second at 
36 000 cm, and the third less intense, at 37 000 cm~. 
The calculated energy for the first absorption is 37 000 
cm~'. We attach no more than qualitative significance 
to these calculations. The alteration in the sulfate 
spectrum is given correctly and the energy of absorption 
has the correct relationship to the first absorption in 
SO.= and CrO,-. 


DISCUSSION 


The qualitative features of the spectra of halogen 
substituted CrO,- have been obtained from the same 
approximate method of calculation employed for chro- 
mate, permanganate, and perchlorate ions with the 
introduction of no new parameters (if the slight changes 
in the H;; are not considered to be important). The 
adjustable parameters introduced into the original 
calculations are (1) the relative positions of the H;; for 
chromium and oxygen. (2) The relative positions of H,, 
and H,,. (3) and (4) The values of K, and K,, the 
proportionality constants relating H;; to the o and 
7 group overlaps. 

One requirement placed on our calculations is that 
the charge distribution should be chemically “reason- 
able,” and roughly self-consistent, i.e., the formal 
charges on the atoms should not be too different from 
the charges assumed in arriving at the value of H;; and 
the overlap integrals. Table IV gives the formal charges 
calculated from the final wave functions attributing 
the shared chargef to the central atom. It is seen that 
the assumption mentioned earlier that the formal 
charges would become less negative as the negative 
charge on the molecule decrease is born out. 

It appears, however, that the ionic contribution is 
overestimated. This would seem to be the case as 
judged by the f-values for the transitions which are 
calculated too high, and the fact that a simple calcula- 


TABLE IV. Charge distribution. 











Cr Oo Cl 
CrO.- +1.06 —0.765 tee 
CrO2Cle +1.20 —0.50 —0.10 











*H. N. Thompson, Nature 132, 896 (1933). 

t The following example will illustrate the meaning of “shared 
charge.” For the a2 orbital of C2, (see Table I), aid+bim-+c170, 
the normalization factor is [a?+02+c¢?+2a,b,:GA2(d,r(x)) 
+2a\¢:GA2 (d, r(oxygen)]+. The shared charge referred to is 
2a:b;GA [dx (x) ]+2a1c1GA2 [d,r(oxygen)] times the square of 
the normalization factor, multiplied by the number of electrons 
occupying the orbital. 
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tion of the dipole moment of CrO.Cle gives a value 
approximately three times too large. 

In comparing the energy states of CrO;F~- and 
CrO;CI- with those of CrO,-, it becomes attractive to 
think of the halogenated molecules as slightly per- 
turbed CrO,- molecules, since it appears as though 
the first permitted transition in CrO,- (to the lowest 
lying T2 state) is split into two transitions when one 
passes to CrO;F~ and CrO;ClI-. This is exactly the be- 
havior which one would expect for a slight perturbation 
which splits the 7, state into an E state and an A; state 
in the lower symmetry. The interpretation becomes 
completely untenable, however, when one realizes that 
the sum of the oscillator strengths of the first two transi- 
tions in CrO;Cl- (and CrO;F-) is only about one-third 
the oscillator strength of the CrO,= transition. The con- 
sideration of the lowering of the symmetry as a per- 
turbation brings up a difficulty with the empirical 
method which we discuss in Appendix IT. 

The coefficients of the atomic orbitals in the molecular 
orbitals permit a rough calculation to be made of the 
relative importance of z and o bonding. The products of 
the orbital coefficients multiplied by the corresponding 
overlap integrals were added, and the ratio of these 
sums for o and 7 bonding considered to give a measure 
of their relative importance. For chromyl chloride the 
ratio is ¢/m=1.5 for chlorine, and ¢/r=0.73 for oxygen. 
While the magnitude of these ratios may be without 
significance, we feel that the decreased importance of 
a bonding for chlorine relative to oxygen is significant. 
For SOsCl. the o bonding is more important than 7 
bonding for both oxygen and chlorine. This effect 
arises, in our calculations, from the greater relative 
magnitude of the o overlap integrals. 


APPENDIX I 


The transition energies from the A; ground state to 
the indicated states is given below in terms of the 
orbital energies and the exchange and Coulomb integrals 
between molecular orbitals. 


(a2)! 5e Configuration 
E(‘E)—E (A, ground state) = €5.— €a2.—J+2K, 
e 


fins f $5e(1)b02(2)—dse(1)a2(2)dr, 


r 


e 
Ko f bse(1)h02(2)—dse(2)aa(1)dr. 


T12 


(4.)—! 5e Configuration 
E(‘A1)—E (ground state) 
= €5e— E4e— Jut2Ku- (Ji2— 2K), 
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E(:E)—E (ground state) 
= €5e— €4¢e—J 1+ 2K ut (Ji2—2K 1), 


e 
ign f $4e!(1)5.4(2)—dad(1)bs.4(2)dr, 


T12 


e 
ue f $42(1)$5e!(2)—dae!(2)d52'(1)dr, 


T12 


é 
Jax f bed 1)bs22)—bi22)bs4 ar, 


T12 


e 
Kum f6sd(1)b.2(2)—d4e2)bee! (dr. 


Y12 


The terms ¢,! and ¢/ are the two wave functions of the 
degenerate e orbital. 


APPENDIX II 


Comparison of the completely antisymmetrized wave 
functions of a symmetrical molecule, resulting from a 
configuration having one electron missing from a de- 
generate orbital shell and having one extra electron in 
another degenerate orbital, with the wave function of a 
similar molecule perturbed to a lower symmetry in 
which these degeneracies are reduced, shows, in general, 
that the lower symmetry state wave functions do not go 
smoothly into a corresponding higher symmetry state 
wave function. 

As an example consider MO, (symmetry Tz) and 
MO;X (symmetry C3y). Consider molecular orbitals 
1t2 and 2t, of MO. The configuration (1/2)5(2¢2) gives 
rise to four states in symmetry Ta, Ai, E, Ti, T2. In 
symmetry C3y, 1/2 and 2¢, become 1e, 141, 2e, 2a:. As the 
perturbation goes to zero, the three orbitals le, 1a, 
become identical to the three orbitals 1¢2, etc. One finds, 
however, that the A; state in symmetry C3y, resulting 
from the configuration la; 2a), YA: (a1-'a1) becomes 
equal to a linear combination of two states of sym- 
metry 7a, and likewise for Y4i(e~e). Thus 


Wr(a1'a1) = (3) ar (to Ma, T aA 1) + (3)? ar (ts Me,T aT 2), 
Way(e-te) = (3) War (to Mo, T aA 1) — (3) Parte Me,T aT 2). 
Here WA;(tste,TgA1) stands for the A; state in sym- 
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metry 74 resulting from the configuration (12)5(2#.), 
which also belongs to symmetry A; in Csy. Likewise, 
WAi(tsto,TaT2) refers to that TZ, wave function in 
symmetry 7, resulting from the configuration (1f2)°(2¢,) 
which transforms according to the representation A, 
under the C3y symmetry operations. 

When the perturbation goes to zero, the energies of 
the orbitals 1/2, 1a;, and 1e become the same, likewise 
2t2, 2a, and 2e. Therefore in the semiempirical molecu- 
lar orbital theory, which takes for the difference in 
energy between states only the difference in the e’s of 
the molecular orbitals involved in the transition, we 
find at zero perturbation that the Tq states 1, !7,, 
which all have the same energy in this approximation, 
all have exactly the same energy as the corresponding 
states in symmetry C3y, which also all have the same 
energy. Thus, although there is apparently a configura- 
tion interaction of the states W(tst2,TgA1) and 
¥(ts-to,TaT2) necessary in order to correspond to the 
single configuration state YA1(a;"'a,), the energies of 
all of these states become the same at zero perturbation 
in this approximation. If, however, one tries to im- 
prove the expression for the energy differences between 
states by adding other terms, in addition to the differ- 
ences of the e’s [see Appendix I], which then serve to 
separate the eight above states in symmetry Tq, one 
will no longer find that the symmetry C3y states corre- 
spond in energy exactly to symmetry JT, states at zero 
perturbation unless one introduces configuration inter- 
action into the calculation. 

This configuration interaction also upsets the in- 
tensities at zero perturbation. If the ground state is 
14,, then the only permitted transition in Tg is !A;—'T», 
which in symmetry C3y should break up into two transi- 
tions '4;—>'E and !A;—>'A,, with the first having twice 
the intensity of the second. In the zero perturba- 
tion case in symmetry C3y, we find however, since 
Wai(ts1,TaT2) mixed into both the wave functions 
Wai(ar4a;) and Wai(e—e), that transitions are per- 
mitted to two excited A; states as well as to other E 
states. 

Since the question of configuration interaction thus 
arises very seriously at or near zero perturbation in the 
intensities, one may seriously ask whether one must not 
also worry about it when the perturbation becomes 
larger. 
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); Nitrogen Afterglow in a Magnetic Field 
e 
i WALTER R. KANeE* AnD K. C. CLARK 
.) Department of Physics, University of Washington, Seattle, Washington 
(, (Received September 13, 1954) 
f The effect of a magnetic field on the simple exponential decay of a nitrogen afterglow at 0.017 mm pressure 
. is reported. During the afterglow a magnetic field of 850 gauss parallel to the tube axis was alternately 
3€ present and absent in 95 successive tests; the effect of the field was to slow the decay rate of 0.061 milli- 
1- second, as recorded by photomultiplier and oscillograph, by 2.9+-0.5 percent. Kinetic theory calculations 
n of the effect, based on plausible assumptions concerning ambipolar diffusion, thermalization of electrons, and 
of electron attachment, are in approximate agreement with the observation, if one considers that ionic re- 
combination provides much of the excitation energy for this short afterglow. An absence of the magnetic 
7 effect would be expected if ions played no role in the optical excitation. 
2y 
n, 
] , 
: INTRODUCTION where w is the cyclotron frequency of the charged 
“a HILE it seems probable that the long-lived Lewis- particle and » is its collision frequency. The diffusion 
d Rayleigh afterglow of active nitrogen is sus- coefficients D,, Ds, and D ‘4 of positive ions, negative 
. ce 4 ions, and electrons, respectively, can be combined to 
e tained by the recombination of neutral atoms,‘ the —. ‘ : 4 Bee > 
of presence of ions is also an established feature of the — coutactant “ enema diffusion D., as discussed 
mn process. The large value of the ionic recombination subeoquentiy; in 2 magnetic Ele the contictents >, 
. V / , . . . . . , 
m | Setcne ex min cary egies atin Dat mary ee he abil efit Py 
a the long afterglows the ion population must be con- eg . : . . 
" ‘ 8 5 mr dines the afterglow intensity decayed exponentially with 
* tinually replenished by collision mearew The emission time, one can consider the population of positive ions 
ms of light, however, may be in part initiated by ionic jy to be limited by wall deactivation. For a long, 
sg recombination even in the long afterglows as well as cylindrical tube the solution of the diffusion equation 
i in the shorter-lived afterglows of Kaplan (auroral)® yields the result, 
é a n 
. and of Herman and Herman To test the depende ce nlrf)=¥ Adel (ms/Da)*]e-™# (2) 
of light emission on ion concentration, an experiment ? i. vue 
.. was performed which utilized the effect of a magnetic 
‘s field upon the diffusion rate of ions. Only a short-lived where r is the radial distance from the tube axis. Since 
5 afterglow could be studied because of the conditions of _ the initial ion distribution was probably rather uniform 
. experimental detection. However, a small but definite and the decay was observed to follow a simple ex- 
- effect was observed. ponential law, only the leading term in Eq. (2) is con- 
% . sidered. The dependence of the decay constant m upon 
7 ened D, can be obtained through the boundary condition 
“ With certain simplifying assumptions, one can involving destruction at the wall: if c is the mean 
“ estimate the size of the magnetic effect on the gas Speed of the ion and g the probability that a wall col- 
; kinetic processes. For a charged particle the coefficient _/ision will destroy it, then the ion flux at the wall, 
of diffusion D’ transverse to the magnetic field is related Where r=R, is an(R,t) Rf 
to the zero-field value D by the equation,® _-_ _ 6gn( i) 
1e D! 1 or 4 
rt —=—_____ oo * » 
a D 1+(w/v)? lil =aJ (x) (4) 
*Now at Los Alamos Scientific Laboratory, University of 4D, 
California, Los Alamos, New Mexico. where 
1S. K. Mitra, Phys. Rev. 90, 516 (1953). =R D,)} 
20. Oldenberg, Phys. Rev. 90, 727 (1953). «=R(m/D,)}. 


*M. Brook, Sci. Rept. No. 2, Inst. of Geophys., University of 
California, Los Angeles, March, 1953. 

‘G. Cario and L. H. Reinecke, Abhandl. braunschweig.’ wiss. 
Ges. 1, 8 (1949), 

°R. B. Byran, Doctoral thesis, 1951, Harvard University, 
Cambridge, Massachusetts. 

* J. Kaplan, Rept. Gassiot Comm. Roy. Soc., Emission Spectra 
of — Sky and Aurorae (Physical Society, London, 1948), 
p. ‘ 

’R. Herman and L. Herman, Trans. Am. Geophys. Union 33, 
489 (1952). 

* Lax, Allis, and Brown, J. Appl. Phys. 21, 1297 (1950). 
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The constant cg is evaluated from Eq. (4) under zero- 
field conditions. When a magnetic field is present 
parallel to the tube axis, D,’ replaces D,, and Eq. (4) 
then yields the modified decay constant m’. Since the 
change in D, must be large to produce an appreciable 
change in m, it is advantageous to use low pressures 
and poisoned walls in order to enhance the effect of a 
given magnetic field. 
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EXPERIMENT 


The afterglow was produced by a pulsed electrodeless 
discharge in a closed Pyrex tube of 8 cm diameter and 
80 cm length, located within a uniform field custo- 
marily used for a beta-ray spectrograph.® Light from 
the discharge tube was reflected out to a distant, 
magnetically shielded, 1P22 photomultiplier tube, and 
the afterglow transient was photographed on a cali- 
brated oscilloscope. Intensity modulation by a 60-cps 
square wave was used to avoid possible effects of sweep 
nonlinearity. A sequencing system turned on the mag- 
netic field and the photomultiplier at the termination 
of the discharge, the magnetic field reaching 90 percent 
of its full value of 850 gauss in about 100 milliseconds. 

The discharge tube contained nitrogen with a trace 
of oxygen at a pressure of 0.017 mm. To obtain a suffi- 
ciently rapid decay, it was necessary to poison the walls 
of the tube with silicone pump oil. Under these condi- 
tions the decay was closely exponential, with a time 
constant of about 0.061 sec, indicating destruction of 
the active particles on the walls with an efficiency 
g~ 1/740. In all, 95 decay transients were photographed 
with the magnetic field alternately present and absent. 

The effect of the magnetic field was to reduce the 
decay rate of the afterglow by 2.90.5 percent. The ef- 
fect was insignificant during the early stage of the after- 
glow, when the magnetic field was still appreciably below 
its maximum value, and the above figure applies to 
decay rates measured between about 100 and 350 
milliseconds after the discharge. 


DISCUSSION 


The magnetic field must be considered to affect only 
the diffusion process, and not the efficiency g of de- 
struction at the wall or the rate of release of stored 
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X, FRACTION OF FREE ELECTRONS 


Fic. 1. Percent change in decay constant as a function 
of the fraction of free electrons. 


°F, H. Schmidt,fRev. Sci. Instr. 23, 361 (1952). 


energy in the afterglow. A direct theoretical prediction 
of the reported result is not possible, since the volume 
density of the ions and the degree of electron attach- 
ment to oxygen are not known. It is plausible to assume 
that the ion density is sufficient to create conditions 
of ambipolar diffusion and that elastic collisions have 
equalized ionic and electronic temperatures. The coeffi- 
cient of ambipolar diffusion D, is then related to the 
diffusion coefficients Dy, Dn, and D, for Nz*, Os, and 
electrons, respectively, and to the fraction x of free 
electrons in the total negative population by the 


equation,” 
D 2xD,pD-+2(1—x)DpDn 
Dy+xDe+(1—x)Dn 


The degree of attachment (1— x) may be considerable 
and undoubtedly varies during the observed decay. 
One may assume that the high electron energy during 
discharge has been largely dissipated in collisions prior 
to the observations and that the attachment cross 
section is high at 3-6 volt as well as thermal energies."''” 

Taking as an example the choice of x=0.7 and the 
values D,= 1340, D,= 1880, and D,=2.4X 10" cm?/sec,” 
one obtains D,= 2680 cm?/sec at zero field and D,’ = 570 
cm?/sec at 850 gauss. These values, substituted in 
Eq. (4), give as the decay constants of positive ion 
density m=8.200sec! and m’=8.016sec™! without 
and with the magnetic field, respectively. This 2.2 
percent change in m applies equally to the change in 
decay rate of the afterglow, provided that the afterglow 
is the result largely of ionic recombination. 

Close agreement of the prediction with experiment 
is not to be expected because of the assumptions dis- 
cussed above. The assumed degree of electron attach- 
ment (1—x), however, is not critical except where its 
value is low. The effect of a wide choice in x is illustrated 
in Fig. 1, where the calculated percent change in m is 
plotted as a function of x. It is seen that for values of x 
above 0.2, as may be the experimental case, the percent 
change is considerably enhanced. 

The observed magnetic effect indicates that energy 
released in ionic recombination contributes appreciably 
to the excitation of this short-lived afterglow. In view 
of the care taken to avoid systematic errors in the data 
and their interpretation, it is felt that the experimental 
result here reported is clearly significant. It is to be 
hoped that the experiment will be repeated, using a 
much higher magnetic field. 

0A. von Engel and M. Steenbeck, Electrische Gasentladungen 
a Julius Springer, Berlin, Germany, 1932), Vol. I, Table 26, 


1M. A. Harrison and R. Geballe, Phys. Rev. 91, 1 (1953). 
12.N. Bradbury, Phys. Rev. 44, 883 (1933). 
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Thermal Accommodation Coefficient of Helium on a Bare Tungsten Surface 


Lioyp B. THomAs AND E. B. ScHOFIELD 
Chemical Laboratory, University of Missouri, Columbia, Missouri 


(Received September 7, 1954) 


The accommodation coefficient of helium on a presumably clean tungsten surface is determined from 
83° to 303°K. A getter technique is applied in which, after thorough baking of the tube and vacuum system, 
aluminum is evaporated in vacuum over the inner walls of the measuring tube. The technique appears to be 
superior to the circulation over charcoal used by Roberts. Clean surface values of the accommodation coeffi- 
cient, found by linear extrapolation to time of flashing the filament, lie between 0.0151 and 0.0172 (with 
small positive corrections probably to be applied). The variation with temperature is small and the values 
themselves are much lower than any heretofore reported. 





N a great preponderance of the work on accommoda- 

tion coefficients (hereafter denoted as A.C.) pre- 
sented in the literature, no serious attempt has been 
made to create or maintain a clean surface of the solid. 
It may be possible to maintain a strictly bare metal 
surface only in the presence of a limited number of 
gases, helium and neon for example, but the initial 
statement applies also to work with these. J. K. Roberts! 
found that the extent of molecular attachment, pre- 
sumably of impurity gases, to a tungsten surface had a 
profound influence upon the observed thermal A.C. 
values of He and Ne. Roberts’ findings, substantiated 
by several investigations of others,”* were questioned 
by Bremner‘ then confirmed again by Eggleton, Tomp- 
kins, and Wanford.*® Work in this laboratory extending 
from a time previous to references 4 and 5 confirms 
emphatically the existence of the low A.C. values on 
clean tungsten, as observed by Roberts, and also on 
clean platinum. J. W. Faust, working in this laboratory 
with inert gases on evaporated aluminum surfaces, 
found that low A.C. values were often observed and 
maintained, with slow rates of increase, on platinum 
and tungsten filament surfaces which were kept hot in 
the tube while aluminum was evaporated from other 
filaments to the walls. The aluminum acts as a getter 
to perform the same clean-up function as the circula- 
tion over charcoal used by Roberts, and its effectiveness 
appears to be superior to the circulation over charcoal. 
The present paper reports an attempt to exploit this 
technique to check and extend the existing measure- 
ments of the A.C. of helium on clean tungsten over the 
range —190° to +30°C. In view of the fact that theo- 
retical work on the A.C. leans heavily on the three 
points given for He over this temperature range by 
Roberts and in view of the precarious nature of such 
measurements we have undertaken the work reported 
here, and expect to extend it over the first five inert 
gases, 


1J. K. Roberts, Proc. Roy. Soc. (London) A142, 518 (1953). 

2 Mann, Proc. Roy. Soc. (London) A146, 776 (1934). 

3 Van Cleave, Trans. Faraday Soc. 34, 1174 (1938). 

* Bremner, Proc. Roy. Soc. (London) A201, 305 and 321 (1950). 

5 Eggleton, Tompkins, and Wanford, Proc. Roy. Soc. (London) 
A213, 266 (1952). 


EXPERIMENTAL 


The principal apparatus used consists of the experi- 
mental tube; a cryostat; a vacuum system with gas 
purifying and admitting equipment and an accurate 
McLeod gauge; and the electrical system. 

The tube used is shown in Fig. 1. It was kept quite 
simple in order to minimize sources of impurity, yet 
was of a design which we hoped would give quite ac- 
curate values of the A.C. without recourse to extensive 
correction, since the necessary data for correction 
(thermal conductivity and emissivity) are not known 
with certainty over the temperature range needed. A 
0.003-in. tungsten filament, unpolished, 28.98 cm in 
length, with a single potential lead of 0.002-in. tungsten 
4.0 cm in length attached 7.01 cm from the upper end 
of the filament was used. The purpose of this design is 
to allow subtraction of the appropriate measurements, 
taken on the shorter upper section, from those on the 
lower section to obtain net measurements which apply 
to a middle section, which is relatively free from chang- 
ing end losses as one passes from vacuum to the gas 
filled condition. Two springs, as nearly identical in 
dimensions as we could make them, of 6.2 cm of 0.007- 
in. diameter tungsten held the filament taut. An alumi- 
num evaporator filament of two twisted. strands of 
0.007-in. tungsten runs the full length of the main 
filament. This has, at 0.5-cm intervals, pieces of 0.012- 
in. aluminum wire, 0.5 cm long, inserted between the 
strands and then wrapped around them. The two fila- 
ment systems are held by glass insulated tungsten sup- 
ports attached to a 0.045-in. nickel wire frame, and the 
electrical connections are made through a four lead 
uranium glass press as illustrated. The tube envelope 
is of 3.0 cm i.d. Pyrex and keeps the full diameter 
through the temperature gradient region from cryostat 
to room conditions to minimize the thermomolecular 
pressure correction. 

The cryostat followed the general pattern of that 
described by Scott and Brickwedde,® with an outer 
insulating can holding an outer permanently evacuated 
glass Dewar, and an inner Dewar with pressure vari- 


6 Scott and Brickwedde, J. Research Natl. Bur. Standards 6, 
401 (1931). 
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Fic. 1. The tube. 


able. The cryostat and its vacuum system (for inner 
Dewar) were mounted on a counter-balanced lattice 
which moved on vertical ways so that the cryostat 
bath could be brought accurately about the tube. The 
inner Dewar consisted of a glass outer tube and an 
inner tube of stainless steel upon which the 100-ohm 
heating coil was wound (in the evacuated space). A 
brass flange, soldered to the inner tube, formed a 
vacuum tight seal with the ground top of the glass outer 
tube through a rubber gasket, coated with a silicone 
grease. Positive circulation of bath liquid was achieved 
by drawing the liquid up through a brass tube from the 
bottom of the bath by a centrifugal pump mounted at 
the top of the brass tube near the surface of the liquid. 
Kerosene, petroleum ether, and liquid air were used as 
bath liquids. Liquid air coolant was used in the outer 
Dewar and its level was maintained by periodic manual 
addition. The cryostat temperature was set and con- 
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trolled by two copper constantan thermo-couples in 
series in a potentiometer circuit and was maintained by 
the bath heater current controlled through a thyratron 
circuit by the degree of off-balance of the galvanometer 
in the thermocouple circuit. A separate bath thermo- 
couple and potentiometer was used to measure the tem- 
perature and to serve as the standard, after calibration, 
for the work. Temperatures were maintained within 
+0.02° of the original setting over long periods of time. 

It is necessary to mention the vacuum system and 
procedure since the results cannot be observed without 
a certain standard of vacuum usage. The system was all 
Pyrex with two mercury condensation pumps in tan- 
dem, with no stopcocks in the high vacuum line, but 
with several special grind mercury seal stopcocks in the 
gas supply and purifying system, which was separated 
from the main system at all times by a mercury cutoff 
except during preliminary evacuation and admission of 
gas. A carefully calibrated McLeod gauge was used 
at room temperature to determine the gas pressures 
and this gauge was checked against two others, inde- 
pendently calibrated, placed on the line temporarily 
for comparison. Pressure measurements are probably 
good within 0.5 percent in the range used. A double 
“U” tube (two passes through liquid air) separates the 
mercury containing parts of the system from the tube 
and was kept immersed in liquid air except during part 
of the bake-out period. The gas storage, purifying, and 
admitting system uses highest purity “Airco” helium 
in Pyrex, opened to mercury seal stopcocks by “break- 
offsky” procedure, and then, after standing over 


TABLE I. A sample set of data for one A.C. value. 





(a) Potential fall across long section of 


filament 0.026010 volt 
(b) Potential fall across short section of 
filament 0.009225 volt 


(c) Potential fall across center section of 
filament, (a)-(b) 

(d) Potential fall over taps of calibrated 
resistance in series with filament 
(4.0379 ohms) 

(e) Current through filament 

(f) Resistance of filament (center sec- 


0.016785 volt 


0.085565 volt 
0.021190 amp 


tion), (c)/(e) 0.7921 ohm 
(g) Ro of filament for this temperature 

range 1.6765 ohms 
(h) Average temperature of filament from 

(f), (g), and R= Ro(1+0.004487) —117.72°C 
(i) Bath temperature (calibrated Cu. 

Const. T.C.) — 134.97°C 
(j) AT=Ty—T>, (h)-(i) 17.25°C 
(k) Total power loss from center section 

(c)X (e) 0.00035567 watt 
(1) Power loss in vacuum (center section) 0.00021250 watt 


0.00014317 watt 
0.34966 cm? 
0.0335 mm 


(m) Power loss assigned to gas conduction 

(n) Area of filament (center section) 

(o) Pressure of gas by McLeod 

(p) Calculated gas conduction from fila- 
ment area for unit AT and unit P 
assuming A.C.=1 

(q) Possible gas conduction at existing 
AT and P, (p)X (0) X (j) 

(r) Accommodation coefficient (m)/(q) 


0.014558 watt 


0.0084127 watt 
0.01702 
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thoroughly outgassed charcoal at liquid air tempera- 
ture, admitted to the A.C. measuring system by means 
of a lock arrangement between mercury seal stopcocks 
(Apiezon “‘N” grease). 

Electrical measurements were made with a Type K-2 


’ potentiometer and suitable standard resistors. Tube and 


potentiometers were supplied by lead storage cells. The 
evaporating filament was supplied by a variable trans- 
former and the filament was flashed by rectified current 
controlled also by a “Variac.” 


EXPERIMENTAL PROCEDURE 


Extreme cleanness of the vacuum system is essential, 
so the preparation is rather rigorous. With the system 
open to the pumps, the aluminum evaporator filament 
is heated nearly to incipient evaporation and held for 
an extended period. The main filament is flashed at 
1800°C also for an extended period during which its 
electrical resistance reaches a stable value for any given 
temperature (unless the filament is inadvertantly mis- 
treated later, such as by heating it during bake out and 
not having the system open to the pumps). Ovens are 
then placed about the tube, charcoal trap on the gas 
supply manifold, and liquid air trap. These are baked 
at about 400°C for several hours, open to the pumps. 
With the ovens hot, the rest of the system is then 
heated repeatedly with a large brush gas-air flame for 
two to three hours, almost to the softening point of the 
glass, with special attention devoted to the region 
between the liquid air trap and the tube. After cessa- 
tion of flaming, the ovens are turned off, liquid air is 
put on the single U-tube on the mercury side of the 
trap, and the filament is heated to flashing temperature. 
Resistances of the filament over the desired range of 
temperature are then determined by introducing a few 
tenths of a millimeter of helium, cutting the flashing 
current and setting the desired bath temperatures. At 
each bath temperature, resistances are taken at a 
series of small currents and plotted against power input. 
These give linear plots which, when extrapolated to 
zero power input, give the resistance of the filament at 
the bath temperature. Such measurements form the 
basis for fixing the average filament temperatures for 
the A.C. runs through evaluation of Ro and a over 
limited ranges and using R= Ro(1+a/) to evaluate ‘“?”’ 
from the filament resistance, “R,” within the range. 
The gas is then evacuated and, with the filament too 
hot to accept a deposit, aluminum is evaporated to give 
a partially transparent coat on the glass walls. With 
one such preparation it was practicable to work three 
to six days, after which baking and aluminum evapora- 
tion were repeated. Once the tube was in a clean condi- 
tion measurements were taken continuously over the 
several days period. At each operating bath tempera- 
ture a set of power-loss-in-vacuum points was taken 
over the needed range of filament temperatures— 
apparently the radiation losses from the filament are 
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Fic. 2. The approach toward a clean surface following 
evaporation of aluminum. 


unaffected by the changing surface conditions which 
affect the A.C. values so markedly. 

For an A.C. run the filament is first flashed and 
about 0.035 mm of helium is admitted. Ten minutes 
after gas admission the flashing current is cut to the 
predetermined measuring current and the clock started 
with this time of cessation of flashing as zero. A.C. 
measurements are then taken at about 10-minute 
intervals for several hours until the course of the values 
becomes definitely set. The early values are low because 
the filament is at an abnormally high temperature from 
flashing but the 30-minute or 40-minute values usually 
appear free from this effect, and, from these on, a 
definite linear course in the values with time is set. 
The values are plotted against time and extrapolated 
back to zero time as illustrated later. A set of data and 
derived quantities for one typical A.C. value, as given 
in Table I, serves to indicate the detail of a measure- 
ment and the extent of care taken. 

The set of data above (Table I) determined the A.C. 
83 minutes after shutting off the flashing current and is 
one set of ten taken for this run. The results reported in 
the next section are taken from over 50 runs on helium 
in four tubes over bath temperatures ranging from 
— 190°C to +30°C. 


EXPERIMENTAL RESULTS AND DISCUSSION 


The four tubes used are so nearly identical that they 
will not be distinguished in the following. Typical time 
runs, including some at each bath temperature, are 
given in the following graphs and characteristic be- 
havior observed is pointed out with reference to specific 
curves. 

To obtain the low A.C. values reported, a period of 
aging following aluminum evaporation was necessary. 
Progress toward the low (clean) values is shown in 
Fig. 2, Curves A to D, which were taken in that order 
at 9, 17, 19.5, and 33 hours after evaporation of alumi- 
num. Helium was admitted just following evaporation 
and this sample used for Curves A, B, and C. A new 
sample was used for Curve D. As in all our time runs 
the filament was flashed before each run and the flash- 
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Fic. 3. Typical runs at 30°C bath temperature (Curves C and D), 
and exceptional runs (Curves A and B). 


ing current was cut at the zero of time. Our expe ience 
shows that cleanup is necessary for the system itself 
rather than for the admitted gas. Cleanup occurs 
roughly four times as fast at room temperature as in 
the case illustrated with tube at —135°C and was 
usually accomplished by letting the tube stand at 
room temperature overnight following evaporation. 

Curve D, Fig. 2, also illustrates a remarkable char- 
acteristic of the work, found repeatedly. The first five 
points were taken with filament at —117°C (AT=18°) 
and the last three with filament at 49°C (AT=184°). 
There is no noticeable break in the A.C. values yielded. 
This was entirely unexpected from previous experience 
with ordinary (gas saturated) A.C. measurements or 
from the “clean” surface work of others. This behavior 
was found at a variety of pressures, AT values, and 
bath temperatures, and was also found with neon and 
could hardly result from any consistent sizable error 
just compensating for a real temperature effect. 

Figure 3 shows four runs with bath temperature at 
+30°C. Curves C and D are typical of some twelve 
runs at this bath temperature in that they give linear 
plots above about 30 minutes and the lines extrapolate 
to give A.C. values between 0.028 and 0.035 at zero 
time. Curves A and B are exceptional at this bath 
temperature in that they definitely extrapolate to values 
well below the group mentioned above, in this case to 
0.016 and 0.0185. On evidence brought out below, which 
is independent of the occasional runs as A and B, we 
credit the exceptional low values as representing the 
true clean surface values at +30°. The difficulty at this 
temperature in our work (and in previous work) no 
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Fic. 4. Three time runs at bath temperature — 30°C. 


doubt arises from the fact that impurities arise more 
readily and are less completely removed on the walls 
at this temperature than at lower bath temperatures, 
as will be indicated by following curves. 

Figure 4 gives plots of three runs with the bath at 
— 30°C. These curves show small slopes, are quite 
linear, and yield “clean” A.C. values closely grouped 
about 0.0175. Note that the points for T;= —14.5°C 
and +88°C fall very closely on the same line, which 
again emphasizes the apparent independence of the 
clean surface A.C. values from the AT of the measure- 
ment. Some runs at this bath temperature gave extra- 
polated A.C. values around 0.03 (refer to preceding 
paragraph) but the lower values were more readily 
attained than at 7,=+30°C. 

Figure 5 is a plot of three runs, representing two 
filament temperatures at bath temperature —80°C. 
These extrapolate to ‘clean’ values closely about 
0.0165 and are quite uniform. Figure 6 shows a set of 
three runs with bath at —135°C. The curves are very 
similar to those at —80°C, and extrapolate closely 
about 0.0165. Both of these sets show practically iden- 
tical time curves with widely differing AT values. 

Figure 7 is a plot of two time runs with bath tempera- 
ture —190°C. At intervals shown on the plot, the fila- 
ment temperature was varied from —170°C to +20°C 
and then after 200 minutes (circle designated points) 
was returned to —170°C. The final points, after 200 
minutes, are slightly lower (about 2 percent) than the 
initial ones at the same AT. The set of points illustrates 
the practically zero slope which, taken with previous 
curves, indicates the relative ease of maintaining a clean 
filament surface with the tube walls at this low tempera- 
ture. The apparent rise of the A.C. with AT in both 
curves of Fig. 7 probably indicates that we are getting 
the A.C. value characteristic of the filament tempera- 
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ture and this is not modified by the large AT at which 
the A.C. is observed at the upper filament temperatures. 

The extrapolated A.C. values at each bath tempera- 
ture are summarized in Table II, giving the filament 
temperature, number of runs included, and the average 
deviation from the mean of the included runs. Except 
for the first entry, we have included only runs of AT 
about 18°. Since the A.C. approaches a minimum value 
as the surface becomes clean, the value itself serves as 
an indicator of surface conditions and there seems no 
point in reporting the higher values obtained. When 
the low values were not obtained, there is a definite 
preference for values about 0.03 found for all bath 
temperatures except —190°C, while values between 
0.018 and 0.028 very rarely occurred. At each of the 
bath temperatures except +30° the low values were 
found within narrow limits (only about half of them are 
represented in Table II because of the AT limitation 
imposed) often enough that they definitely indicate a 
lower limit to the A.C. for the technique used. 

Figure 8 brings together the results of this investiga- 
tion with those of Roberts, which appear to be generally 
credited. The A.C. values over the same temperature 
range are much lower by our getter technique than by 


TABLE II. Summary of limiting clean surface A.C. values. 

















Runs 
Bath temp. Fil. temp. averaged A.C. value 

30° to—190°C 47°C (approx.) 8  0.0169(-0.0007) 
30° (only) 47° 2 0.0167(+0.0015) 

—30° —14° 1 0.0172 
— 80° — 62° 2 0.0162(+0.0003) 
— 135° —117° 3. 0.0162(+0.0003) 
— 190° — 170° 2 0.0151(+0.0002) 








the gas circulation method used by Roberts and others. 
Furthermore the increase in the A.C. with temperature 
over the range, according to our results, is quite small. 
From our experience with the increasing difficulty of 
getting and holding clean surface values at the high 
bath temperatures we offer the suggestion that the large 
temperature coefficient obtained by Roberts is a mani- 
festation of this difficulty, i.e., he was unable to ob- 
tain and hold as clean a surface at 300°K as at 83°K. 
Had we not obtained the A.C. value about 0.017 with 
the filament at 47°C from the lower bath temperatures 
we would probably have discounted the two runs of the 
second line of the table in favor of the much more prev- 
alent value about 0.03. However, we have no reason- 
able doubt that the lower values are real and the higher 
values are due to experimental inadequacies.” 


7In support of the validity of the low values about room tem- 
perature, we mention here unpublished work from this laboratory 
by Miss F. E. Becker. Using extreme baking and flashing prepara- 
tion in a simple tube similar to Roberts’, with no getter, she ob- 
tained repeatedly A.C. values for helium on tungsten about 0.020 
(without end loss correction, which lowers the A.C. value when 
applied). Upon successive additions of trace quantities of oxygen 
(by magnetic breaking device) the A.C. values of helium, plotted 
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Fic. 7. Two time runs with bath temperature — 190°C and with 
filament temperatures from —170° to 20°C. The line drawn in is 
of zero slope at 0.015. 


Two possible sources of appreciable error in the re- 
ported values are the thermomolecular pressure differ- 
ence between the McLeod reading and the pressure in 
the cryostat, and failure of the single potential lead 
tube to compensate for end losses adequately. The first 
was calculated from the equation of Weber and Schmidt 
with appropriate constants for helium.* The correction 
to be added to our A.C. value at —190°C is 3.8 percent 
and at —80°C is 2.2 percent for the typical pressure 
0.033 mm and 1.5-cm radius of the tube through the 
temperature gradient region. For the second type of 
correction Mr. R. E. Brown of this laboratory has de- 
veloped a method of calculation of the temperature 
distribution in the filament system of the single poten- 
tial lead tube and of the error involved. The principal 
error arises from the fact that the potential lead, in 
carrying away heat, lowers the temperature along the 
short end of the filament so that, when its resistance is 
subtracted from that of the long end, too much re- 
sistance is assigned to the center section. This results in 
assigning too large a AT value which results in too 
small an A.C. as calculated. Mr. Brown’s calculations 
at a typical set of conditions (T,=—135°, AT=18°, 
p=0.033 mm He) show the A.C. value calculated as 
reported in this work to be 6 percent too low. This error 
is affected very little by varying the pressure +50 per- 
cent and is little affected by changing the bath tem- 
perature. (Experimental work with the same design 
tube with a much finer potential lead, done since com- 








§ 04 i 
2 os a 
~ an 
3 * 
S 02 | ae eo 
- 2 ° . e 
8.0] - B 

00 | 1 | 1 I l 

50 100 150 200 250 300 











Bath temperature (degrees absolute) 


Fic. 8. The accommodation coefficients of helium on clean tungsten : 
Curve A, Robert’s values; Curve B, this work. 


against time, rose stepwise to a limiting value of 0.18 from the 
0.02 value. Hydrogen, admitted in like manner, gave a limiting 
value of 0.07 for the helium A.C. 

8 Van Itterbeek and de Grande, Physica 13, 292 (1947). (The 
coefficient given as 0.15283 should be 0.15823, p. 292.) 
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pletion of the work reported here, confirms that this 
error is minor.) The corrections mentioned above have 
not been applied in the results presented. 

In conclusion, the A.C. values presented here are 
quite radically lower and the temperature coefficient of 
the A.C. is lower than previously reported, which sug- 
gests at least that a reapplication of existing theory to 
these data may be in order to yield revised force func- 
tion constants for the interaction of helium atoms with 
a tungsten surface. The results also suggest that the 
classical mechanical theory of Baule is not as poor a 
description of the A.C. as has been supposed. Following 


THOMAS AND E. B. 
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the work reported here, investigation has been under- 
taken in this laboratory which we hope will give a view 
of the A.C. of all the inert gases on clean tungsten. 
Discussion with regard to theory can, with profit, be 
left till this view is available. 

We acknowledge with thanks the support of this 
investigation by the Office of Ordnance Research. We 
also wish to express appreciation for the help of Dr. 
Walter L. Silvernail who has shared in the building and 
operation of the equipment and to Mr. Robert E. Brown 
for help with the cryostat control and the heat flow 
problem. 
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For gaseous reactions of nitrogen with hydrogen or with oxygen, it was necessary to pass only the nitrogen 
through a glow discharge, the other gas being admitted at a later point in the flow line. Ammonia, nitrous 
oxide, and dinitrogen trioxide were formed, respectively. By suitable control of fields it was established 
that nitrogen ions were playing no direct role in the reactions but rather a neutral form of activated nitrogen 
in every case. Passing the hydrogen or oxygen alone through the discharge and then admixing nitrogen 
yielded no reaction product at all. Several further results indicated that ionic processes on the whole are 


not active in gas discharge reactions. 


HE present work describes experiments designed 

to test the roles of excitation and of ionization of 
nitrogen in “activating” it. The term “activating”’ is 
used here to mean rendering the nitrogen capable of 
reacting directly with gases like hydrogen, oxygen, or 
methane without further external influences such as 
heat, electrical potentials, or catalysts. Previous work!” 
has indicated that under selected circumstances, nitro- 
gen passing through an electric discharge may contain 
N+, Net, N3*, and N¢ ions, to mention only the singly- 
charged varieties. One possibility envisaged for the 
present experiment was to determine the influence of 
these various ions on the chemical activity of nitrogen. 
The apparatus used is shown schematically in Fig. 1. 
At inlet 1, nitrogen was admitted after first having 
flowed through a narrow, liquid-nitrogen chilled trap, 
primarily for removal of water vapor. The pressure of 
nitrogen within the upper chamber was varied over a 
range from 2 to 12 mm Hg. Between electrodes 1 and 2 
a potential difference of approximately 250 volts was 
applied causing a glow discharge to appear, regulated 
to 5 to 10 milliamp by suitable resistors. The potential 
was obtained from a rectified and filtered supply and 
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was thus dc with a negligible ripple. Electrode 2 was 
normally made the cathode, and the perforations in it 
permitted positive ions to pass through and on down the 
tube. 

Between electrodes 2 and 3 a potential difference was 
established both of variable magnitude and variable 
direction. If electrode 3 was more negative, the positive 
ions were drawn to it and through its apertures into 
the next field region. If it was more positive, ions from 
2 were repelled and driven back to 2. The drift velocity 
of ions may be computed* from the equation 


v=yEX (760/). 


Here u is the mobility, E the field strength in volts/cm, 
and p the pressure in mm Hg. In all the work above, 
u was of the order of 2 cm?/volt sec, E of about 50 volts/ 
cm, and p of about 10 mm, making » of the order of 
magnitude of 0.5 to 1.010‘ cm/sec. The flow of gas 
through the tube between electrodes 2 and 3 occurred 
at a rate not exceeding 5X10? cm/sec. Hence if a 
reverse field was applied, tending to hold back ions 
to electrode 2, the drift velocity was adequate by 4 
factor of 10 to 20 to exceed the flow rate. The fractional 
number of ions diffusing against a drift velocity » for 4 
distance x with a diffusion coefficient D is given by 


3L. B. Loeb, Fundamental Processes of Electrical Discharge im 
Gases (John Wiley and Sons, Inc., New York, 1939), p. 35. 
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exp(—vx/D). In the least favorable condition listed 
here, this factor has the fantastically small value of 
10°. This is, in fact, what is meant by statements 
that ions have unique mobilities. 

At inlet 2, a second gas was admitted, the principal 
ones of interest in this report being hydrogen and oxy- 
gen. As for inlet 1, the entering gas passed first through 
a liquid-nitrogen chilled trap primarily to remove water 
vapor. A field between electrodes 3 and 4 could be 
utilized to regulate the energy of impact with which 
such ions of nitrogen as reached this region collided 
with molecules of the newly admixed gas. A discharge 
was not allowed to occur between electrodes 2 and 3 or 
between 3 and 4. 

The mixture of gases together with any products of 
reaction passed on through still another trap chilled 
with liquid nitrogen and finally out through a vacuum 
pump. The last trap was fitted with a glass ball joint 
to permit its removal for subsequent analysis of 
trapped products. No greased joint or stop cock was 
located anywhere in the path of the flowing gases 
except prior to one of the incoming liquid-nitrogen 
traps or subsequently to the last trap. 

Runs were made for periods of one to four hours. In 
cases where visible reaction products were formed, 
they could be seen qualitatively to increase in amount 
as the time progressed. 


RESULTS OF N.+H; TESTS 


With hydrogen admitted at inlet 2, a dark brown 
crystalline material appeared in the collector trap. 
The material was apparently unstable at room tem- 
perature; it could be preserved indefinitely at the low 
temperature, and the collector trap could even be 
removed, re-evacuated, and sealed off. But if the trap 
was ever allowed to warm appreciably, even though 
still below the ice point, the material evaporated and 
could never be recondensed as a visible, brown crystal. 

Extensive mass spectrographic analysis showed no 
product except NH3, and the characteristic ammonia 
odor was always readily recognizable. Both mass 
spectrographic and indicator tests were made for 
hydrazine but results were negative. 

The following control tests were made, all with 
essentially negative results, by way of establishing the 
nature of the process observed. 


(a) Potentials between electrodes 2 and 3 were set 
either to aid or to prevent the motion of positive ions 
from the upper to the lower tube. No difference in end 
product was ever observed. It is thus clear that the 
primary reaction occurring was not ionic in character, 
but depended essentially on a nonionized condition of 
the nitrogen when it reached the hydrogen. Whether 
this was atomic nitrogen or a metastable, excited 
molecular state was not established. 

(b) With the discharge off between electrodes 1 and 
2, no product appeared in the collector trap. 


ELECTRODES 


Fic. 1. Schematic dia- 
gram of the apparatus. 
The diameter of the 
principal sections of the 
tube was ? in. 


OUTLET 





TO PUMP 





COLLECTOR 
TRAP 








(c) With the gases reversed, H, entering at inlet 1 and 
passing through the discharge, and Nz being admixed at 
inlet 2, no product, visible or mass spectrographic, 
was found in the collector. (It may be specifically 
mentioned that water was not found in the collector 
although small amounts were trapped in the inlet traps.) 

(d) With only Nz admitted at inlet 1, the discharge 
in operation, and inlet 2 closed off, no product was 
found in the trap. 

(e) In an effort to establish whether the hydrogen 
was diffusing against the flow of nitrogen and being 
activated in the discharge simultaneously with the 
nitrogen, various flow rates and pressures were used. 
At a pressure of 1 mm of N2 and 1 mm of H, there was 
visible evidence of hydrogen in the color and spectrum 
of the glow discharge. Even at 2 mm of Nz and 1 mm of 
H; this effect disappeared. Runs were made at pressures 
as high as 10 mm of N»2 with only 1 mm of He, and while 
NH; still was collected in the trap, no evidence of He 
in the discharge was found. The steady-state solution 
of the diffusion equation indicates that the concentra- 
tion of Hz in the Ne stream a distance x above the 
H; inlet should satisfy the equation 


n=noe~*2!D, 


where mo is the concentration at the inlet point, v is the 
streaming speed, and D the coefficient of diffusion. To 
reach the discharge, the hydrogen needed to diffuse a 
distance x equal to 3 cm. The value of D for Hz in Ne 
is approximately 0.265 X (760/ mm). Thus if the pres- 
sure was as low as 1 mm and » 100 cm/sec, n/m could 
be as high as 0.24. However, with p of 10 mm and » of 
500 cm/sec, /no was only ~10-, confirming the 
qualitative experimental observations. 

(f) Tests were made both with and without the con- 
striction in the tube walls shown in Fig. 1 between 
electrode 2 and 3. The function of the constriction was 
to increase the flow velocity and diminish the chance 
of backward diffusion. No difference was observed 
however, except that at the very lowest pressures, some 
back diffusion still seemed to occur. 
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It seems fair to conclude from these observations 
that the formation of NH; depends only on activating 
the Ne, not the He, that the “activated nitrogen” has 
a life of at least several milliseconds, and that ionized 
nitrogen is not essential to the formation of NH3. 


RESULTS OF N, AND O, TESTS 


With O, admitted at inlet 2, a similar series of tests 
was conducted to those with Hz. With Ne pressures of 
approximately 3mm Hg and Op, of 1mm, a product 
was found in the trap identified as N2O by mass spectro- 
graphic test. At pressures of 10mm and 4mm re- 
spectively of Ne and O2, while some N,O was still 
identified, the mass spectrometer disclosed a “nitric 
oxide.”’| Opened to the air, the collector trap emitted 
the odor commonly associated with NO: During 
operation, a pure blue crystalline material collected 
in the trap which on evaporation became a brown gas 
and which could be refrozen into the blue crystalline 
form. It is believed that N2O; satisfies these character- 
istics and that neither NO, NO», nor N2O, alone do. 
The belief is supported by the general picture of forma- 
tion of a product under the given conditions, and by the 
additional observation that if air was admitted to the 
sealed-off collector bottle, only a white crystal could 
thereafter be condensed from the brown gas, pre- 
sumably now N2O,, thanks to the additional oxygen 
supplied. 

Again, as for the tests with Hp, all of the control tests 
were tried with O2 with essentially the same form of 
results. The direction of the field between electrodes 
2 and 3 had no influence. No product at all was ob- 
tained if any feature of the process was omitted, nor 
was any product found if the O2 and the N» were inter- 
changed. Oxygen was found to diffuse even less readily 
than Hy, against the stream of Nz as might be expected 
from the values of the diffusion coefficients. 

The possibility that radiation from the upper dis- 
charge could influence the results is greatest in the 
case of the nitrogen-oxygen‘ combination used here, and 
is not completely ruled out. The reference cited and 
much additional work on behavior of Geiger-Mueller 
counters establishes that Ne is very poorly ionized by 
its own radiation. This fact, coupled with the small 
apertures in the electrodes, makes the chance of a 
secondary source of Ne ions by such a process negligibly 
small. Oxygen does become ionized by the radiation 
from a nitrogen discharge. It is shown, however, by the 
negative result obtained on interchanging the N2 and 


t We are advised by the operators of the mass spectrometer that 
NO, NOs, N20,, and probably NO; all show essentially a peak 
at mass 30 and cannot be reliably distinguished from one another. 

4E. L. Huber, “Breakdown processes in Ne, O2, and mixtures,” 
Seventh Annual Gaseous Electronics Conference, October 14-16, 
1954, paper C-5, 


R. N. VARNEY 


Oz, that the Ne must be activated, so if the O2 must 
also be activated or ionized by the radiation, a second 
order process is called for, wherein an activated N, 
meets an activated O, molecule, and this is indeed 
unlikely. 

The combination of the several observations seems 
to rule out strongly any conclusions other than that the 
activation of Ne does not call for an ion in the active 
state, and that activation of the Oz is not needed at all. 
An additional indication from the selective formation of 
nitrous and nitric oxide under varying conditions is 
that there must be several ‘active’ states of Ne and 
that whether the nitrogen is atomic or molecular, 
excitation to several levels must occur. 


NITROGEN-METHANE REACTIONS 


Only a cursory examination of this combination was 
undertaken as the complexity of the results threatened 
to exceed the capacities of the simple apparatus used. 
Methane was never used ‘as the discharge gas, the 
nitrogen being exclusively used for that purpose. A 
product was formed only at the lower pressure range 
(2-4 mm) identified by mass spectrograph and by odor 
as containing trimethyl-dimethyl, and methylamine, 
and some oily polymers in addition. Ions of nitrogen 
again seemed not to be involved as judged by the 
independence of the results on the ion-extraction field. 


CARBON MONOXIDE DISCHARGES 


This gas was tested in a static, nonflow system to in- 
vestigate a suggestion that at field-strength-to-pressure 
ratios of 90-240 volts/em per mm Hg pressure, a 
cluster ion, probably (CO)2+, could break up into 
either CO and CO*+ or CO, and C+. If the conjecture is 
correct it was not confirmed in the present work at any 
field-strength-to-pressure values from 20 to 200 volts/ 
cm per mm Hg. On the contrary the reactions bore a 
great similarity to the nitrogen reactions described 
above in being apparently nonionic. The gas pressure 
dropped ; CO: collected in the chilled trap, but a feather 
of sooty carbon grew on the anode implying that a 
reduction of carbon 

CO=C+0 


was occurring directly at the anode. Neither CO*, 
(CO)>+, nor C+ would be expected under any mechanism 
to be involved in the deposit of carbon on the anode. 

It is concluded that several of the simple chemical 
processes involving nitrogen in discharge reactions 
depend only on activation of some non-ionized state of 
nitrogen, not on nitrogen ions, and not on direct 
excitation of the other reacting member. Similarly, the 
decomposition of CO in a discharge to C and CO, is not 
characterized by an ionic process but by a direct reac- 
tion at the anode surface. 
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The partition functions for the free radicals are obtained in closed form. They include terms to account 
for the special low-temperature effects arising with these molecules. The splitting of the 2x ground state is 
complicated by the uncoupling of the electronic spin from the nuclear axis. In addition to this effect the par- 
tition function includes first-order corrections for rotation-vibration coupling, rotational stretching, and vibra- 
tional anharmonicity. Tables of thermal functions are computed on the NBS Eastern Automatic Computer— 
SEAC—from 50° to 5000°K for OH, OD, OT, SH, SD, and ST. 





INTRODUCTION 


S part of a program in progress at the National 
Bureau of Standards to investigate the isotope 
effects on thermodynamic properties of hydrides, the 
ideal gas thermal functions of a large number of sub- 
stances containing hydrogen and its isotopes are being 
calculated. The calculations have been greatly facili- 
tated by programming the problem for automatic 
machine computation on the National Bureau of Stand- 
ards Eastern Automatic Computer—SEAC. The pro- 
cedure has been previously applied to the calculation 
of the thermodynamic functions of the six hydrogen, 
deuterium, and tritium substituted isotopes of water.! 
The ideal gas thermal functions of OH, OD, OT, SH, 
SD, and ST are presented here. These molecules have 
*r electronic ground states. The procedure employed 
takes into account the low-temperature effects of the 
uncoupling of the electronic spin from the internuclear 
axis and the nonclassical nuclear rotation, in addition 
to first-order corrections for the high-temperature effects 
of anharmonicity, rotation-vibration coupling, and 
rotational stretching. Tables of thermal functions are 
tabulated from 50° to 5000°K. 


THE PARTITION FUNCTION 


The contribution of the ground electronic state to 
the internal partition function can be written. 


Q= Di oferl*T Ds Pre este}, (1) 


In this expression Py is the degeneracy of the rotational 
level having energy ¢y; J and v are the rotational and 
vibrational quantum numbers, respectively. 

For the multiplet electronic states of some of the 
lighter molecules, the simple approximation procedure 
for including the effect of the multiplicity by an elec- 
tronic factor to the partition function is not valid. 
Hill and Van Vleck? have derived expressions for the 





* Sponsored in part by the U. S. Atomic Energy Commission 
Division of Research. 

t Present address: Johns Hopkins University, Applied Physics 
Laboratory, Baltimore, Maryland. 

‘A. S. Friedman and L. Haar, J. Chem. Phys. 22, 2051 (1954). 

*E. L. Hill and J. H. Van Vleck, Phys. Rev. 32, 250 (1923). 


rotational energies for these molecules. For a *z state, 


H(1)=B.{ 44-1 


A\? AT 
[ow(A)-f] ha 0 


HJ) = B.| 44-1 


9 


+[+p+(<) -<] |—p.s-+y. (3) 


B, is the rotational function and A is the separation of 
the minima of the potential energy curves. The rota- 
tional quantum number J can assume only half integral 
values. D, is a function of the rotational stretching. 
To refer the potential functions to the lowest molecular 
energy level as the zero of energy, the lowest molecular 
energy 6 must be subtracted from Hi(J) and H2(J). 
For the molecules treated here 8= H,(3). 

The rotational partition function can be expressedf as 


he 
Qrot= 2 exp| “8+ @e| 

kT 

x| Sy (2J+1) exp| (—es +1) 
he 

+xH4— p+) 
kT : 

+o (2J+1) exp| (—o7 +1) 


h 
-x4—p.ru+t)) |-2e"|, (4) 
kT 
where 
he ax? 4.1 
o=—B,; x=] 1U+1)+(—) -=+| 
kT 2B, B, 4 


t The change in notation from (J +4)? to J(J+1) permits a 
more convenient representation. 
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The term 2¢-7’ must be included to account for the fact 
that only one level with J=4 exists; y= (A/2B,)—}. 
The entire expression contains the factor 2 to account 
for the electronic degeneracy. 

The two summations over J may be combined, and 
upon expansion§$ of the hyperbolic factor exp(+ X%4) 
+exp(—X%), and the factor exp[ (hc/kT)D,J?(J +1)? ], 
the rotational partition function becomes: 


he 
Orot =4 exp] “8+ @o| 
kT 


x| >, | (2I-+1)e-#4 I+) 
a 





he. o X" 
x[14+— prot fs, |---| (5) 
kT 0 (2n)! 
Expanding and rearranging the X” in powers of 


J (J+1), the following relation is obtained: 


xa | (2I+1)e-#4 (IH) 





he o 
[14+ p.r+9 
RT 7” (2n)! 


= Sede Dos J*(IJ+1)4(2I+1) ee I 
0 ye ee 


h 
x[1+—pru+t|. © 
kT 


The g; are polynomials in o which can be generated from 


the relation 
2k 


(n+,)! (0%a)” 
"(Qn+2,)! nt’ 


o 


- 


hur 4.3% 
wre 
2B, B, 4 
Note that the g, are very small for large ,. Also note 


that the g; all converge. 
With the aid of the identity 





“Ms 


where 


a* 


J*(J+1)*(2J+1)e oF (SH) = (— ee 
oF 


§ The expression for the partition function is summed from J =0 
to J= ©. However, the molecular states actually contributing to 
Q have an upper limit for J. After these expansions the Q summa- 
tion may be performed over all J to J= © with negligible error at 
all but the highest temperatures considered. The upper limit for J 
is such that the approximation 


exp[ (hc/kT) DoJ?(J +1)? 14 (he/kT) Di? (J +1) 
may be employed. 
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the relation 


Ee a Py J*(J+1)* 


0,1,2,- 


h 
x asaroodee a nsvay] 


oo d* he @ 
~Eeoblfntog 
: kT do 


x xs asters (7) 


is obtained. gx=9i(—1)*. 


As the low-temperature contribution of the D, term 
is very small, it is valid to employ the relations 


he @ @ he ail 
—p).—- } (2I+1)e—74 JW S— —D, —— 
kT do* 3,3,--- kT deo? e 
and 
he @1 he 2D, 


oJ (J+1) | 


~~ 











—D, 
kT do®a kT o? 3.3- 
The right-hand side of Eq. (7) then expands to 


he 2D, d* 
1 + ox Dy Gr+hewe 





kT o* Jo of 
ra d* he 2D, 
+ xs (2I+1)e-F ID Ye ge 
1 do® kT o° 


The second series of terms is small compared with the 
first and can be neglected.|| 

The expression for the rotational partition function 
can then be written 





he he 2D, 
Oroc=4 exp| “8+ @e|| 
kT 


co 


nod dé «w 
x E(w - ds (stews) — ~}, (8) 
v do* 4,4,+++ 


where the approximation 


illo 





ad 





2D, he 


1+ ere 
o? kT 





leads to negligible error. 


|| gx is of the order o?*/(2k)! and (d*/do*)2/o? is of the order 
(k+2)!/o***; hence gi(d*/do*)2/o? is of the order [o2*/(2k)!] 
XL(2+k) /a*2}0 for k large, since ¢<1. The largest contribu- 
tion to the second term arises from the k= 1 term and is approxi- 
mately (1 /)(3Dv/Bo). Since the first series of terms is of the order 
of 1/o and 3D,/Bo is of the order 10~5, the second series of terms 
is completely negligible. 
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TaBLeE I. Ground state molecular constants used in the calculation of ideal gas thermal properties. 











Units OH OD OT SH SD ST 
v cm" 3569.6 2632.5 2221 2582 1878 1567 
X,.w,/v dimensionless 0.0232 0.0168 0.014 0.0232 0.017 0.014 
F) dimensionless 0.0384 0.0304 0.023 0.0317 0.0225 0.019 
Bo cm7 18.514 9.868 6.97 9.461 4.900 3.40 
p °K-1 7.59X 10-* 7.59X 10-8 7.59X 10-6 7.5X 10-6 7.5X 10-6 7.5X10-* 
A cm7 — 139.7 — 139.7 — 139.7 — 376.96 — 376.96 — 376.96 








A convenient expression for 


Ds (2I+1)e-e IH) 
+ ae 


is obtained by using the identity 


Vs f(/M= Ls fY/- Ls Ff). 
R,F,+6- 0,4,1,4,++- 0,1,2,++. 

The Euler expansion for this quantity can be put in 

the form 


«o 


Es f= Ya fe f f(a 


0,5,1,8, 


od Bors 
— } 
1,3,5,--- (r-+1)! 


where f(J)=(2J+1)e-%%*) and f*(0) is the rth 
derivative of f(J) evaluated at J=0. Bi41) are the 
Bernoulli coefficients. In this way is obtained 





f'OLG@)"—1], 


pe (2J+1)e-77 JH) 
Pe oo 
1 
=—(1+0.08330—0.02710?—0.010707—0.00320*). (9) 
o 


Since the terms 


d* 
£1— ye (2I+1)e-7 J) 
do* 4,4,-++ 


o 


rapidly diminish for increasing values of k, it is not 
necessary to include any k>3. The summation over the 
x numbers can then be written as a polynomial in o. 
This is combined with the power series expansion of 
€~7° to yield the expression for the rotational partition 
function, 


oneal 14 tt 2D. i” ._— 
“_ ( kT o? Jew aod oli 


The polynomial was summed from n=0 to n=12; the 
C,, are constants. 

The complete internal partition function is obtained 
by summing Eg. (1) over the vibrational coordinates 
using Eq. (10) for Qrot. 


A two-constant energy level expression for G(v) is 
used; G(v)=vv-+w.%,0—w.*,0", where v is the observed 
fundamental and w,«, is the first anharmonicity coeffi- 
cient. The sum over the vibrational coordinates yields 
the partition function expression 


4/1 6 
Q=|— En Carer )(—eyi( 1+ ) 
e“—1 


ao \ 0 





2X We 





] 
x | 1+ (1+-eT) exp| “8+ (Doo (11) 
kT 


IP 


The constants oo and 6 are defined by the relation 
o=00(1+ 60); 





“=—v; p=2i — 


he he Do ) 
k Toe)’ 


where Do=D, for v=0. 

The factors in the large square brackets and also the 
translational factor were evaluated and their contribu- 
tions to the thermodynamic functions were computed 
on the SEAC.' The contributions of the remaining 
exponential term exp[_(ic/kT)8+ (#)o ] were then added 
to the values obtained on the SEAC. 

For the thermodynamic properties of SH, SD, and 
ST below 150°K a different expression was employed. 
The large ratio of A/B, for these molecules requires a 
polynomial higher than the 12th degree for an accurate 
calculation below 150°K. However, for large A/B, the 
formulas given in Eqs. (2) and (3) may be replaced 
by a modified Hund’s case a representation.’ The 
expressions for the energy levels, referring to the lowest 
rotational state as zero, are 


Fi(J)=ByJ (J+1)—f1; 
Bi=B,/ki 


F2(J) = BJ (J+1) —B2; 
and B.=B,/ke, 
where 


B,\7 By" 
n= (14+—) and ko= (:-—) ; 
A A 


3G. Herzberg, Molecular Spectra and Molecular Structure. I. 
Spectra of Diatomic Molecules (D. Van Nostrand Company, 
Inc., New York, 1951), second edition. 
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TaBLe ITI. Ideal gas thermodynamic functions for OH. is included to account for the fact that only one level 
es aan un a with J =4 exists. 
— — Using the expansion for ‘ 
°K R RT RT R K 
fos] 
50 3.50050 2.87580 12.59278 15.46858 2I+1)eeF J) 50 
70 3.73237 3.09296 13.5980 16.68076 ye +h ' 70 
90 3.8004 3.24458 14.39361 17.63819 . ; 
110 3.79879 3.34611 15.05523 18.40134 Eq. (9), and expanding e~, the rotational expression 110 
130 3.77249 3.41389 15.62010 19.03399 applicable to large A/B, is obtained, 130 
150 3.74051 3.45958 16.11202 19.57160 — 150 
170 3.70993 3.49080 16.54706 20.03786 2 he 23 1.473 | 0.5625 | 170 
190 3.68295 3.51241 16.93658 20.44899 QOrot=— exp{ —A: } ) ki——o+ o— a 190 
210 3.65993 3.52753 17.28891 20.81644 a kT ky k? 210 
230 3.64053 3.53817 17.61033 21.14850 A 0.027 230 
C o . 250 
250 3.62424 3.54568 17.90567 21.45135 hac pls . 
300 3.59395 3.55608 18.55318 2.10926 +ex( ps) [ats . i (13) = 
350 3.57393 3.55997 19.10164 22.66161 2 rs 
400 3.56053 3.56081 19.5714 23.13795 = a 
450 3.55189 3.56027 19.99653 23.55680 Where 8s=82—f1. 5 
500 
500 3.54721 3.55916 20.37158 23.93074 
600 3.54912 3.55712 21.02029 24.57741 TABLE ITT. Ideal gas thermodynamic functions for OD. 4 
700 3.56602 3.55700 21.56859 25.12559 900 
800 3.59683 3.55992 22.04372 25.60364 Cy (H0 — Ey?) —(F0—E9?) so 900 
900 3.63880 3.56627 22.46334 26.02961 oy = = oa = pie 
6 3.57596 22.83956 ' 
(100 «374245338861 «2318096 © -2o76987 ©—«SO~=~=S«SSADO.«~*«CSIOT~—«2.:04356+~—«tO7aGG 1100 
1200 3.79811 3.60375 23.49384 27.09759 = oo po eo 17.34394 aa 
85345 3.62083 23.78296 40379 8756 3.4 14.87746 18.31540 r 
1400 300711 3.63938 4.08197 77.9135 aH Sanit Pp Sana 19.09142 pie 
1 81171 56462 16.16713 19.73175 1500 
3.9 3.65895 4.3037 
aod —- ‘cones “ poi niga 150 3.76978 3.59474 16.67951 20.27425 on 
1700 4.05179 3.69979 24.76417 2846396 170 3.73221 3.61306 17.13067 20.74373 1800 
1800 4.09386 3.72052 24.97623 28.69675 190 3.70024 3.62388 17.53319 21.15707 1900 
1900 4.13294 3.74121 25.17794 28.91915 210 3.67360 3.62985 17.89619 21.52604 
se diene aiden perpen om: 3.65153 3.63266 18.22656 21.85922 2000 
2200 423382 «= «3.80177 25.73079 —«29.53256 2580 3.68525 3.63341 18.52049 ——22.16200 aD 
28949 3.84015 26.06324 9.90339 - 3. 82216 
oo pyc py et 26.37207 pape 350 3.58007 3.62453 19.75095 23.37548 oe 
2800 4.37974 3.91108 26.66063 30.57171 400 3.56994 3.61824 20.23454 23.85278 
ee pani piles pacar om 3.56856 3.61272 20.66038 24.27310 = 
3200 4.44962 3.97420 27.18709 31.16129 500 3.57536 3.60858 21.04079 24.64937 3400 
3400 4.47905 4.00305 27.42890 31.43195 00 3.61036 3.60560 21.69832 25.30392 3600 
3600 4.50564 4.03025 27.65849 31.68874 700 3.66664 3.61011 22.25438 25.86449 3800 
3800 4.52985 4.05592 27.87708 31.93300 800 3.73487 3.62135 22.73711 26.35846 
idee prea a oan = 3.80736 3.63798 23.16456 26.80254 = 
4200 4.57262 4.10314 28.28538 32.38852 1000 3.87899 3.65852 23.54889 27.20741 4400 
4400 4.59173 4.12492 28.47676 32.60168 ine peng pyoom oe pee 4600 
4600 ) 4.14561 28.6605 32.80619 1200 4.009 10 2 27.926: 4800 
4800 poor 4.16529 aeaates pois 1300 4.06663 3.73199 24.51774 28.24973 5000 
chile iuaiee oiinines ion = 4.11816 3.75776 24.79525 28.55301 : 
— 1500 4.16451 3.78336 25.05539 28.83875 
1600 4.20615 3.80851 25.30036 29.10887 The 
; ; 1700 4.24360 3.83302 25.53199 29.3650! 
respectively. 1800 4.27734 3.85678 25.75176 29.60854 energy 
B15 B.3 1900 4.30784 3.87973 25.96090 29.84063 factor 
B PBise spaniel Sie caleas H2(3)+ Ai (3) 2000 4.33549 3.90184 26.16048 30.06232 The 
(a. he P wile 2200 4.38365 3.94351 26.53434 30.47785 ial 
1 2 2400 4.42419 3.98193 26.87914 30.86101 : 
ieee 2600 4.45883 4.01731 27.19929 31.21 partiti 
where H; and Hy are the functions given in Eqs. (2) 2800 4.48802 4.04995 9749821 3154816 
-_e. 7 ae 3000 4.51542 4.08011. —.27.77867 += 31.85878 
The rotational partition function with these re- 39099 4.53907 4.10807 28.04290 32.15097 
lations is 3400 4.56043 4.13407 28.29274 32.42681 O= 
h 3600 4.57994 4.15830 2852972 32.68802 a 
c © 3800 4.59793 4.18098 28.75518 32.9 | 
at pee —o1d (J+1) _ Ie—(b)o1 
Orot= 2 ex( —#)| dy —Q+ihen ” 4000 4.61466 4.20225 «=: 28.97017 (33.7242 
wail 4200 4.63035 4.22226 29.17570 33.39796 Xe 
he ” 4400 4.64516 4.24115 29.37254 33.6136? 
moat (J4A) 4600 4.65920 4.25902 29.5614 33.8 
+en(—s :) 27. (2+ te", (12) 800 4.67261 4.27597 29.74310 34.01907 
sf 5000 4.68548 4.29211 29.91799 34.21010 
where o1= (hc/kT) Bi, o2= (he/kT) Bz. The term 2e-@ <== 
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TABLE IV. Ideal gas thermodynamic functions for OT. 














Cyo (H® — Ev) —(F°—Ey) So 

°K R RT RT R 
50 3.72686 3.24159 13.23305 16.47464 
70 3.87087 3.40436 14.35131 17.75567 
90 3.89672 3.51244 15.22089 18.73333 
110 3.86809 3.58015 15.93286 19.51301 
130 3.82340 3.62108 16.53455 20.15563 
150 3.77861 3.64503 17.05456 20.69959 
170 3.73897 3.65835 17.51170 21.17005 
190 3.70553 3.66503 17.91902 21.58405 
210 3.67781 3.66753 18.28597 21.95350 
230 3.65504 3.66739 18.61963 22.28702 
250 3.63639 3.66564 18.92535 22.59099 
300 3.60407 3.65781 19.59303 23.25084 
350 3.58807 3.64882 20.15621 23.80503 
400 3.58579 3.64095 20.64290 24.28385 
450 3.59563 3.63526 21.07140 24.70666 
500 3.61579 3.63223 21.45423 25.08646 
600 3.67869 3.63439 22.11650 25.75089 
700 3.75808 3.64628 22.67751 26.32379 
800 3.84162 3.66549 23.16560 26.83109 
900 3.92209 3.68957 23.59869 27.28826 
1000 3.99601 3.71658 23.98880 27.70538 
1100 4.06224 3.74506 24.34435 28.08941 
1200 4.12082 3.77398 24.67146 28.44544 
1300 4.17236 3.80268 24.97467 28.77735 
1400 4.21767 3.83074 25.25752 29.08826 
1500 4.25754 3.85790 25.52274 29.38064 
1600 4.29277 3.88399 25.77256 29.65655 
1700 4.32403 3.90897 26.00879 29.91776 
1800 4.35191 3.93283 26.23289 30.16572 
1900 4.37689 3.95555 26.44614 30.40169 
2000 4.39942 3.97719 26.64960 30.62679 
2200 4.43846 4.01740 27.03059 31.04799 
2400 4.47121 4.05389 27.38173 31.43562 
2600 4.49925 4.08709 27.70756 31.79465 
2800 4.52369 4.11742 28.01157 32.12899 
3000 4.54533 4.14525 28.29660 32.44185 
3200 4.56480 4.17087 28.56496 32.73583 
3400 4.58253 4.19457 28.81854 33.01311 
3600 4.59884 4.21659 29,05892 33.27551 
3800 4.61403 4.23710 29.28746 33.52456 
4000 4.62828 4.25632 29.50528 33.76160 
4200 4.64174 4.27435 29.71340 33.98775 
4400 4.65456 4.29134 29.91263 34.20397 
4600 4.66681 4.30740 30.10374 34.41114 
4800 4.67859 4.32263 30.28739 34.61002 
5000 4.68996 4.33709 30.46415 34.80124 








The rotational stretching correction, omitted in the 
energy expression given above, can be treated as a 


factor to the partition function. 


The summation over the vibrational energy states 
then gives the ground state contribution to the internal 


partition function. 
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This expression was used only for SH, SD, and ST 
below 150°K. At higher temperatures it was easier to 
use the partition function expression obtained pre- 
viously, Eq. (11). The contributions of the quantity in 
curly brackets were computed on the SEAC.! The 
contributions of the remaining factors were then added 
to these after hand computation. 


MOLECULAR CONSTANTS 


The ground state molecular data for OH and OD 
were taken from the selected list reported by Herz- 
berg. The molecular data for OT were calculated 
with the aid of the isotope relations from the OH data. 
The molecular data for SH and SD are the values re- 


TABLE V. Ideal gas thermodynamic functions for SH. 














Cp (H® —E?) — (F° — Ep?) So 

°K R RT RT R 
50 3.42596 3.07447 13.84212 16.91659 
70 3.49225 3.18495 14.89561 18.08056 
90 3.56468 3.26090 15.70560 18.96650 
110 3.65267 3.32402 16.36621 19.69023 
130 3.73955 3.38137 16.92620 20.30757 
150 3.81216 3.43417 17.41385 20.84802 
170 3.86524 3.48197 17.84667 21.32864 
190 3.89915 3.52425 18.23631 21.76056 
210 3.91700 3.56094 18.59015 22.15109 
230 3.92266 3.59224 18.91493 22.50717 
250 3.91876 3.61857 19.21558 22.83415 
300 3.88685 3.66624 19.87989 23.54613 
350 3.84457 3.69475 20.44738 24.14213 
400 3.80599 3.71099 20.94191 24.65290 
450 3.77690 3.71983 21.37957 25.09940 
500 3.75911 3.72455 21.77177 25.49632 
600 3.75551 3.72947 22.45129 26.18076 
700 3.78465 3.73496 23.02658 26.76154 
800 3.83346 3.74408 23.52586 27.26994 
900 3.89168 3.75720 23.96758 27.72478 
1000 3.95250 3.77369 24.36426 28.13795 
1100 4.01198 3.79266 24.72481 28.51747 
1200 4.06806 3.81329 25.05568 28.86897 
1300 4.11986 3.83492 25.36176 29.19668 
1400 4.16714 3.85699 25.64677 29.50376 
1500 4.21007 3.87912 25.91362 29.79274 
1600 4.24893 3.90104 26.16468 30.06572 
1700 4.28412 3.92255 26.40183 30.32438 
1800 4.31603 3.94354 26.62663 30.57017 
1900 4.34504 3.96393 26.84039 30.80432 
2000 4.37151 3.98365 27.04423 31.02788 
2200 4.41798 4.02109 27.42568 31.44677 
2400 4.45751 4.05585 27.77707 31.83292 
2600 4.49166 4.08809 28.10301 32.19110 
2800 4.52163 4.11800 28.40708 32.52508 
3000 4.54828 4.14582 28.69216 32.83798 
3200 4.57229 4.17173 28.96056 33.13229 
3400 4.59418 4.19595 29.21420 33.41015 
3600 4.61433 4.21864 29.45469 33.67333 
3800 4.63306 4.23996 29.68336 33.92332 
4000 4.65061 4.26006 29.90135 34.16141 
4200 4.66716 4.27905 30.10967 34.38872 
4400 4.68288 4.29706 30.30914 34.60620 
4600 4.69789 4.31416 30.50054 34.81470 
4800 4.71228 4.33045 30.68449 35.01494 
5000 4.72613 4.34601 30.86159 35.20760 
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TABLE VI. Ideal gas thermodynamic functions for SD. The value obtained from the Ramsey data, k-=4.201 
X 10° dynes/cm, agrees to within 0.2 percent. The data 
0 0 0 _ _ . 
= fone —— a for ST were calculated from the SH data. The spin 
= s ar RT R coupling constant A used in the OH, OD, and OT 
> —— 3.26071 14.32377 17.58448 calculations was the value reported for OH. Similarly, 
= py es rg pg the value used for A for SH, SD, and ST was the SH 
110 3.66486 3.42176 16.95749 20.37925 value. Though the value changes slightly for the three 
130 3.75097 3.46588 17.53266 20.99854 isotopes, the properties calculated are not sensitive to 
190 3.82360 3.50894 18.03169 21.54063 these small changes. 
170 3.87679 3.54928 18.47339 BAM 8 8=—«- The chemical eS ee 
190 3.91073 3.58568 + = 18.87019 2.45587 al atonal: weiguts weed in the calcwiations 
210 3.92844 3.61788 19.23055 22.84843 of the translational contributions to the thermal 
230 3.93377 3.64566 19.56083 23.20649 functions were obtained from the values listed by 
250 3.93034 3.66853 19.86578 23.53431 Wichers.® The atomic weights used in the calculation 
300 3.90366 3.71015 20.53861 24.24876 
350 3.87446 3.73562 21.11262 24.84824 TaBLE VII. Ideal gas thermodynamic functions for ST. 
400 3.85665 3.75172 21.61257 25.36429 
450 3.85359 3.76307 22.05514 25.81821 
C,9 (H® —E,°) —(F0—Eq?) So 
500 3.86384 3.77253 22.45211 26.22464 oK ry r ar — 
600 3.91185 3.79136 23.14156 26.93292 x R 
700 3.97770 3.81317 23.72759 27.54076 50 3.49544 3.32989 14.65352 17.98341 
800 4.04682 3.83808 — - 24.23837 28.07645 70 3.52224 3.38031 15.78265 19.16296 
900 4.11213 3.86495 24.69197 28.55692 90 3.58359 3.41804 16.63681 20.05485 
= 110 3.66840 3.45567 17.32637 20.78204 
1000 4.17099 3.89267 25.10061 28.99328 
1100 4.22289 3.92038 += -25.47203~—=Ss«29.30331 «80 37313 32 UROL 21. 
1200 4.26824 3.94752 25.81521 29.76273 150 3.82752 3.53478 18.40994 21.94472 
1300 4.30782 3.97374 26.13223 30.10597 170 3.88086 3.57254 18.85483 22.42737 
1400 4.34246 3.99888 26.42764 30.42652 190 3.91513 3.60692 19.25426 22.86118 at te 
0020 agvamn «= gama sisaesoasy, «=—ssgozamig,-—s 3) (i Sgunts Sear? spoeya2 sa allio listed 
1600 4.39985 4.04556 26.96471 31.01027 The 
1700 4.42383 4.06711 27.21064 31.27775 250 3.94094 3.68599 20.25444 23.94043 
1800 4.44534 4.08754 27.44368 31.53122 300 3.92745 3.72747 20.93021 24.65768 
1900 4.46477 4.10689 27.66520 31.77209 350 3.91718 3.75517 21.50702 25.26219 
400 3.92035 3.77547 22.00983 25.78530 
2000 4.48242 4.12524 27.87634 32.00158 450 3.93692 3.79238 22.45551 26.24789 The 
2200 4.51348 4.15915 28.27113 32.43028 7 energy} 
2400 4.54012 4.18982 28.63437 32.82419 500 3.96340 3.80809 22.85590 26.66399 
2600 4.56347 4.21769 28.97082 33.18851 600 4.03161 3.83949 23.55296 27.39245 are ta 
2800 4.58433 4.24313 29.28435 33.52748 700 4.10387 3.87213 24.14727 28.01940 functi 
800 4.17065 3.90535 24.66647 28.57182 lect 
3000 4.60328 4.26653 oe prgeeen 900 4.22912 3.93816 25.12836 29.06652 sseaieiatat 
3 , 29.8539 .14210 
poo lh ne 4.27916 3.96982 2554494 2951476 you 
3600 4.65225 4.32688 30.36132 34.68820 1100 4.32179 3.99994 25.92472 29.92466 — 
3800 4.66674 4.34438 30.59575 34.94013 1200 4.35816 4.02831 26.27399 30.30230 using ° 
; 1300 4.38943 4.05492 26.59750 30.65242 isotop 
4000 4.68056 4.36084 30.81901 35.17985 1400 4.41686 4.07944 26.89893 30.97837 a se 
“ olect 
po — 0|Ol aa: hClC)30fl sce ee 4.44020 4.10305 2718121 ——-31.28426 th 
4600 4.71909 4.40510 3143158 35.33668 1000 4.46140 4.12452 27.44671 31.57123 — 
4800 473117 «4.41843. «««(31.61935 «3603778 1700 4.47977 4.14513 27.9738 —-31.84251 precia 
1800 4.49656 4.16419 27.93487 32.09906 togeth 
5000 4.74294 4.43119 31.79997 36.23116 1900 4.51179 4.18210 28.16050 32.34260 neni 
2000 4.52572 4.19893 28.37545 32.57438 differe 
2200 4.55050 4.22980 28.77712 33.00692 
ported by Ramsay.‘ It should be noted that the 2400 4.57213 4.25746 29.14636 33.40382 lated I 
vibrational fundamentals for SH and SD were not 2000 4.59144 4.28240 29.48815 33.7055 mixtul 
: - ee 2800 4.60900 4.30511 29.80635 34.11146 T 
directly observed. The observed electronic transitions pan aciiiies perce “sees aati of isot 
. “OLD - le m 
include the (0,0) and (1,0) bands for both SH and SD 3999 4.64042 4.34510 -30.38391 34.7290! The 
which yield vibrational data for the 7)’ states. The 3400 4.65477 4.36290 30.64788 35.01078 appro? 
, ce eelaties ot SaND 4.66845 4.37950 30.89772 35.2772 curac 
ground state data were obtained from the solutions of 257) 4.68157 4.39505 3.13493 3552998 d 
four equations, two involving the theoretical relation peeve salina paper “eels and t 
iti 70 jj 4000 . . . . eratu 
for the (0,0) transition of the two isotopes and two 49 4.70653 4.42355 31.57623 35,99978 i 
equations involving the Morse relation for the rotation- 4490 4.71847 4.43668 31.78232 36.21900 the mi 
vibration coupling constants. Recently, Leach, in a 4000 oc —— a — tions 
preliminary note,® reported an experimental value — _— vanes $2.10945 seaenane rotatic 
for the force constant of SH: k,=4.1929X 10° dynes/cm. 5900 4.75275 4.47257 32.35176 36.82433 tive to 
4D. A. Ramsay, J. Chem. Phys. 20, 1920 (1952). ——— '-e 
5S. Leach, J. Chem. Phys. 22, 1261 (1954). 6 E. Wichers, J. Am. Chem. Soc. 74, 2447 (1952). 1942). 
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_ Fic. 1. Comparison of heat capacity values of OH. Base line: this calculation. Solid curve: direct summa- 
tion calculation minus this calculation. Dashed curve: Hund’s case a, with electronic contribution as separate 


factor, minus this calculation. 
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Fic. 2. Comparison of free energy functions of OH. Base line: this calculation. Solid curve: direct summa- 
tion calculation minus this calculation. 


of the molecular data for OT and ST are the values 
listed by Mattauch.’ 
The molecular constants are listed in Table I. 


THERMAL PROPERTIES 


The dimensionless heat capacity, enthalpy, free 
energy, and entropy for OH, OD, OT, and SH, SD, ST 
are tabulated in Tables II to VII. These tabulated 
functions include only the contribution of the ground 
electronic state; the contributions of excited electronic 
states are insignificant at all but the highest tempera- 
tures. The tabulated thermal properties were calculated 
using the molecular constants for the oxygen and sulfur 
isotopes O'§ and S*, the predominant species. The 
molecular constants obtained by substitution of the 
other isotopes of oxygen and sulfur do not differ ap- 
preciably from those of the predominant species. This, 
together with the very large relative abundance of the 
predominant species, results in completely negligible 
difference between the values of the properties tabu- 
lated here and those referring to the naturally occurring 
mixtures. The entropy of nuclear spin and the entropy 
of isotopic mixing have been omitted. 

The reliability of the tables up to temperatures of 
approximately 1000°K depends primarily on the ac- 
curacy of the rotational and vibrational fundamentals 
and the spin-coupling constants. At the higher tem- 
peratures the reliability depends on the accuracy of 
the molecular constants used in the first-order correc- 
tions for anharmonicity, rotational stretching, and 
rotation-vibration coupling; but it is even more sensi- 
tive to the effect of the omission of higher order correc- 


7J. Mattauch, Nuclear Physics Tables (Springer-Verlag OHG., 
942). 


tions for these effects and the neglect of rotational 
cutoff. 

It is thought that the uncertainties in the tabulated 
heat capacity functions, the most sensitive of the func- 
tions are less than 0.1 percent below 1000°K, but in- 
crease to 0.3 percent at 5000°K. Although the thermo- 
dynamic functions are not accurate to the number of 
decimal places given in these tables, their differences 
between isotopes (used in chemical equilibrium cal- 
culations) are. 

The SEAC calculations for OH are compared in 
Fig. 1 and 2 with a direct term by term summation of 
the unexpanded partition function for OH performed at 
the Ohio State University Cryogenic Laboratory.® 
The very small differences in the heat capacity and free 
energy below 1000°K (<0.1 percent) can be ascribed 
to the use of slightly different molecular data. For 
purposes of comparison a calculation based on the 
assumption that the electronic multiplicity can be 
accounted for by an independent factor to the partition 
function is also included in Fig. 1. 

The SEAC performed its part of the calculations in 
less than five minutes per molecule. 

A denser set of thermodynamic functions have been 
punched on I.B.M. cards. These will be used to tabu- 
late equilibrium data for various isotope exchange reac- 
tions involving hydrogen, deuterium, and tritium. 
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Ultrasonic absorption and the frequency at which maximum absorption is to be expected have been 
calculated in solutions of sucrose, glucose, and lactose at various concentrations and temperatures on the 
basis of structural changes in the quasi-crystalline structure of the liquid medium. The relaxation frequen- 
cies for sugar solutions lie just beyond the ordinary experimental range (~100 Mcs). 





INTRODUCTION 


T has been pointed out by the author in one of his 

previous papers! that structural changes in the quasi- 
crystalline state of the liquid play a very important 
part in the ultrasonic absorption and that the phe- 
nomenon of absorption and viscosity, which are related 
ones, can be described in terms of “hole” theory of 
viscosity of liquid. The maximum absorption (2um) 
and the frequency (NV,,) at which maximum absorption 
is to be expected were calculated in a number of un- 
associated liquids for which ultrasonic absorption has 
been measured.” Next the calculations were applied to 
acetic acid? whose maximum absorption frequency lies 
in the frequency range experimentally approachable. 
It was shown that variation of maximum absorption 
frequency (N,,) in the case of acetic acid with variation 
of temperature (20°C to 65°C) as observed by Lamb 
and Pinkerton‘ can be explained by this theory. In 
the present paper similar calculations have been per- 
formed in the case of sugar solutions. 


BRIEF OUTLINE OF THE THEORY 


Liquids, like crystals, have short-distance order ar- 
rangement and geometrical regularity. In this lattice 
arrangement there are certain sites which are unoccu- 
pied by molecules. These vacant sites are called ‘‘holes.”’ 
These unoccupied places are filled by molecules from 
outside. Similarly in the lattice arrangement when a 
molecule jumps out, a vacancy is caused, i.e. a “hole” 
is created. At a given temperature a statistical equi- 
librium is maintained. 

In the case of ultrasonic waves it is suggested that 
the statistical equilibrium at a particular temperature 
is disturbed and the number of holes increases. The 
required energy to increase the number of holes is taken 
from the incident sound waves. If during the cycle the 
sound wave completes one period, the holes return to 
their equilibrium value and no absorption will result. If, 
on the other hand, there is a lag, then the energy taken 
away by the holes will not be given back to the sound 


1R. N. Ghosh and G. S. Verma, J. Sci. Ind. Res. (India) 8, 
192 (1949). 

2G. S. Verma, J. Chem. Phys. 18, 1352 (1950). 

3. R. N. Ghosh and G. S. Verma, Ind. J. Phys. 24, 125 (1950). 

4J. Lamb and J. M. M. Pinkerton, Proc. Roy. Soc. (London) 
199, 114 (1949). 


waves, and this will amount to loss of energy from the 
sound waves. 

The required energy (A) cal/mole, i.e., the work 
function for the holes per gram molecule of liquid, 
can be known from the relation given by Furth® in 
connection with the hole theory of viscosity of liquid 
medium. 

TT’ ' nT” , 
og— 
—— oor (1) 


A=R 





where R is the gas constant, 7 and 7’ are the viscosities 
at two temperatures T and 7’. The corresponding struc- 
tural specific heat Ci is known from 


A \? 
ci=R(—) eAIRT, (2) 
RT 


The maximum absorption (2um) is given by 


2um=a7— ——_C>;. (3) 
x’ Cy 


where x represents the ratio of specific heats, x’ the 
same when ultrasonic absorption takes place, and C, 
the specific heat at constant pressure. The maximum 
absorption frequency (N,,) is determined from 


Zum 
Na= —— /(a/N?) |INKN—m, (4) 


where V represents the velocity of ultrasonic waves and 
a the ultrasonic absorption coefficient at frequency J. 


TABLE I. Showing the values of viscosity of sugar solutions at 
different temperatures and concentrations. 











Substance Temperature n(cp) 
Sucrose 20°C 6.20 
40 percent 40°C 3.25 
60°C 1.98 

Glucose 20°C 3.90 
35 percent 40°C 2.16 
Lactose 25°C 2.14 
23.4 percent ac 2.34 








5 R. Furth, Proc. Cambridge Phil. Soc. 37, 252 (1941). 
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The last two relations are exactly similar to those given 
by Bauer.® 


CALCULATIONS FOR SUGAR SOLUTIONS 


Table I gives the values of viscosity at different 
temperatures for the various sugar solutions at different 
concentrations. Values of viscosity for sucrose solutions 
are based upon the measurements of Bingham and 
Jackson,’ and for glucose solutions viscosity measure- 
ments of Powell? have been consulted. Viscosity for 
lactose solution at 23.4 percent concentration and at 
25°C has been taken from Proyor and Roscoe’s’ meas- 
urements. Viscosity at the same concentration but at 
temperature 21°C has been extrapolated. 

Table II gives the values of “A” and structural 


TABLE ITI. Showing the values of work function A and 
structural specific heat C;. 








A Ci 
(cals/mole) (cal deg! mole!) 





Substance Temperature 

Sucrose 20°C 5800 0.0094 
40 percent 40°C 0.0160 

Glucose 20°C 5973 0.0074 
35 percent 

Lactose 2° 4631 0.0440 


23.4 percent 








specific heat “C;” for the different sugar solutions at 
different concentrations and temperatures. 

Table III gives the values of maximum absorption 
(2um) and the absorption frequencies (N,,) for differ- 
ent sugar solutions. Values of ultrasonic velocity and 
absorption a/N?X 10'® sec? cm have been taken from 
Pryor and Roscoe’s measurements of ultrasonic ab- 
sorption (6-25 Mc) in solutions of sucrose, glucose, and 


6 E. Bauer, Proc. Phys. Soc. (London) 62, 141 (1949). 

7 E. C. Bingham and R. F. Jackson, Bull. U. S. Bur. Standards 
14, 59 (1918-1919). 

8C. W. R. Powell, J. Chem. Soc. 105, 1 (1914). 

9A. W. Pryor and R. Roscoe, Proc. Phys. Soc. (London) B67, 
70 (1954). 


TABLE III. Showing the values of max absorption 2um and max 
absorption frequency Vm. 











Tempera- V a/N2X10'5 2m 
Substance ture meters/sec sec? cm=! 10-4 Nm(Mcs) 
Sucrose 20°C 1650 0.97 148 95 
40 percent 40°C 1674 0.49 251 306 
Glucose 20°C 1654 0.77 121.6 95.5 
35 percent 
Lactose °C 1582 0.36 412 724 


23.4 percent 








lactose at various concentrations and temperatures. 
Specific heats C, for different sugar crystals and water 
are known from International Critical Tables. Value of 
specific heat of the solution is computed from them on a 
percentage basis. 

It may be observed from Table III that the frequen- 
cies at which maximum absorption is to be expected 
lie in the range of 95-724 Mc. But this method of calcu- 
lation fails in those cases where viscosity variation is 
very large with respect to temperature variation. In 
that case ‘‘A”’ comes out to be a large quantity with the 
result that “C;” becomes very small, and the corre- 
sponding absorption and absorption frequency does too, 
which seems absurd. 

From the measurements of Pryor and Roscoe it is 
evident that the experimentally observed absorption is 
almost three times the classical absorption which is to 
be expected on the basis of Stokes law. This is true 
in the case of associated liquids such as water and 
alcohols which have been classified into Class IT liquids 
by Pinkerton as well as the author. In this class of 
liquids structural changes play a very important part 
in ultrasonic absorption, and it is to be expected that 
they play the similar role in sugar solutions. The nega- 
tive temperature coefficient of absorption too justifies 
the above stand. 
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This communication reports a study of the proton magnetic resonance signal from the liquid crystal phase 
of 4-4’ methoxyazoxybenzene, 4-4’ methoxy D; azoxybenzene, and 4-4’ ethyoxyazoxybenzene in an effort to 
obtain information concerning the temperature dependence and relative extent of the molecular orientation 
in such phases. The experimental results lead to a qualitative picture of the distribution of molecular orienta- 
tions for the first two compounds and show that the extent of orientation in the last compound is greater 


than in the first two. 





INTRODUCTION 


HE liquid crystal phase is a true phase in that it 
is separated from both the crystalline phase at 
lower temperatures and the normal liquid phase at 
higher temperatures by first-order transitions.':? In the 
absence of an external magnetic field the viscosity of 
the liquid crystal phases of the compounds considered 
in this report exhibit a viscosity’ only slightly greater 
than that of water. However in the presence of an 
external field the viscosity as well as other physical 
properties such as the dielectric constant* becomes 
anisotropic and the substance behaves much like a 
crystal. 

The work reported in this paper was initiated as a 
result of the observation® that the liquid crystal phase 
of p-azoxyanisole yields a proton magnetic-resonance 
signal with a structure quite unlike that found in either 
its solid or liquid phases [see Fig. 1(a) ]. The structure 
has been shown to be field independent and has been 
tentatively explained® on the basis of the dipole-dipole 
interaction between the protons. The present com- 
munication reports a comparative examination of the 
structure and temperature dependence of the proton 
resonance lines found in PAA (p-azoxyanisole= 4-4’ 
methyoxyazoxy-benzene), DPAA(4-4’ methoxyD;-az- 
oxybenzene), and PAP (p-azoxyphenetol=4-4’ ethy- 
oxyazoxybenzene). Structural models for these com- 
pounds are given in Table I. These rod-like molecules 
yield a nematic liquid crystal phase which is character- 
ized by an anisotropic distribution of orientations of the 
longest molecular axis and a uniform density in space 
in contrast to the smectic liquid crystal phase in which 
the density is periodic in one dimension. Proton 
magnetic resonance in smectic liquid crystals will be 
mentioned briefly in another section of this paper. 


* Portions of this paper are taken from a dissertation submitted 
by P. L. Jain in partial fulfilment of the requirements for the Ph.D. 
degree at Michigan State College. 

1R. Schenck, Kristallinische Flussigkeiten (Leipzig, 1905). 

2C, Kreutzer, Ann. Physik 33, 192 (1938). 

*3M. Miesowicz, Bull. Acad. polon. d Sciences et Lettres (Ser. A) 
228 (1936). 

4 See for example M. Jezewski, J. phys. radium 6, 59 (1924); W. 
Kast, Ann. Physik 73, 145 (1924); W. Maier, Z. Naturforsch. 
2a, 458 (1947). 

5 Spence, Moses, and Jain, J. Chem. Phys. 21, 380 (1953). 

6 Spence, Gutowsky, and Holm, J. Chem. Phys. 21, 1891 (1953). 


EXPERIMENTAL ARRANGEMENT 


The proton resonance signals were detected by a 
twin-T bridge followed by a preamplifier and a Halli- 
crafters-Sx 62 receiver. Signals were displayed on an 
oscilloscope and recorded photographically along with 
a time-base signal which served to calibrate the sweep 
in gauss. The dc magnetic field was provided by an 
electromagnet powered by marine storage batteries. 
Most of the data were taken at fields of 7280 gauss 
corresponding to a proton resonance frequency of 31 
mc. The modulating field was of a frequency of either 
30 or 60 cycles. 

The samples were heated by placing the sample coil 
in a fiber tube through which hot air was passed from 
an external heater. This simple device was capable of 
producing readily variable temperatures up to 270°C, 
and at the same time appeared to have none of the 
difficulties associated with trying to mount an electric 
heater directly between the pole pieces of the electro- 
magnet. The temperature was determined with a copper- 
constantan thermocouple placed directly in the sample. 
The samples were held in small test tubes and ranged 
from 0.1 cc to 1.0 cc in volume. 


Fic. 1(a). Signal from liquid crystal phase of PAA. 





Fic. 1(b). Signal from liquid crystal phase of DPAA. 





Fic. 1(c). Signal from liquid crystal phase of 
PAP at a temperature of 144°C. 
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EXPERIMENTAL RESULTS 


On passing from the normal liquid phase to the liquid 
crystal phase, the proton resonance line in each of the 
three compounds previously mentioned changes ab- 
ruptly from a single narrow line into a rather wide 
line showing a definite structure. 

In the case of PAA the liquid crystal line is a triplet 
as shown in Fig. 1(a). Except for a gradual decrease of 
satellite separation as the temperature is increased 
the line shape remains essentially the same throughout 
the liquid crystal phase. 

The compound DPAA is the same compound except 
that the end groups have been deuterated and therefore 
the only sources of signal are the protons on the benzene 
rings. The signal in the liquid crystal phase consists of 
a strong doublet [see Fig. 1(b) ] together with a very 
weak central component. As in the compound with the 
undeuterated end groups the general shape of the signal 
remains unchanged throughout most of the liquid 


TABLE I. Structural formulas of the compounds investigated. 








H # me a] 
PAA ic H “ ' Py 
p-azoxyanisole —_ = N —" 
4-4’ methyoxyazoxy- \e- \e ° 
benzene Hou g 
H ta 
* P as: 
DPAA o-4 a. 2 V7 
4-4’ methyoxy Va o> \ ' 
D;-azoxybenzene P a 
4 " ¢- 
H H 
Kan a “A a 
PAP am N vo MF dain 
p-azoxy phenetole \4--" Ye . 
44’ ethyoxyazoxy benzene 2 i Z 
we « 








crystal phase except for a gradual decrease of the 
doublet separation as the temperature is increased. 
However at about 3 degree below the liquid crystal- 
liquid transition point, the central component begins 
to grow very rapidly. This continues until at the liquid 
crystal-liquid transition point the central component 
is about 3 as strong as the satellites. At this point the 
satellites, which have grown progressively weaker, 
suddenly disappear and only a single narrow line is 
observed. 

In contrast to the previous two cases, the structure 
of the signal from the liquid crystal phase of PAP 
shows a considerable variation with temperature. At 
the highest temperatures in the liquid crystal phase, 
the line appears to be a triplet much like that shown 
in Fig. 1(a) for PAA. As the temperature is reduced, the 
central peak shrinks and two additional small sym- 
metrically located satellite peaks appear. As the 
temperature is further reduced, the entire signal 
broadens rapidly and at the lowest temperatures in the 


P~AZOXYANISOLE. 






4H GAUSS 





| 4 128 132 136 
RATURE °C 


140 144 148 


Fic. 2. Temperature dependence of the satellite separation for 
the two forms of p-azoxyanisole. Top curve PAA (CH; groups) 
bottom curve DPAA (CD; groups). 


liquid crystal phase it consists of five peaks of nearly 
the same amplitude on a rather broad base as shown 
in Fig. 1(c). 

The temperature dependence of the separation in 
gauss between the outermost satellites of the liquid 
crystal signal of these three compounds is shown in 
Figs. 2 and 3. Both PAA and DPAA tend to “supercool” 
if the temperature is gradually reduced to below the 
melting point. This effect has been observed by several 
other workers.’ This appears to be very much like an 
ordinary supercooled state in that if the sample is 
shaken, it quickly passes over into the crystalline phase. 
On the other hand, it appears from Fig. 2 that as the 
sample passes into the supercooled state, Ah, the separa- 
tion between the satellites changes abruptly by a small 
amount at the temperature corresponding to liquid 
crystal-crystal transition point. The transition from the 
crystalline to the liquid crystal phase on heating is very 
sharp. The signal from the crystalline phase is very 
broad® with a central spike (if the end group contains 
protons). As the transition temperature is passed, the 
broad line is suddenly replaced by the somewhat 
narrower structured line characteristic of the liquid 


7 





4H GAUSS 


TEMPERATURE °C 


Fic. 3. Temperature dependence of outer 
satellite separation in PAP. 


( 7See for example Féex and Royer, Compt. rend. 180, 1912 
1925). 








880 JAIN, LEE, AND SPENCE 


crystal phase. No supercooling effects were observed in 
the case of PAP. The transition between liquid-crystal 
and crystalline phases was well defined for both cooling 
and heating of the sample. 


DISCUSSION 


Since in DPAA we have only to consider the protons 
on the benzene rings, we shall discuss the line structure 
expected for this case first. The protons on opposite 
sides of the benzene rings may be considered as isolated 
proton pairs and should, therefore, yield a doublet 
given by® 

h= (H— Ho) =+a(3 cos*B—1) (1) 


where Hp is the resonance field in the absence of the 
dipole-dipole interaction, 


a=$ur;*=1.44 gauss (2) 


and 8 is the angle between axis of the molecule and the 
magnetic field (see Table I). We visualize the molecules 
of the liquid crystal phase as lying in rather shallow 
potential wells whose directions vary from point to 
point throughout the sample. The number of such wells 
whose directions with respect to the magnetic field lie 
between 6 and 6+ will be dn.= 3nf (6) sin6d@. Orien- 
tation of the liquid crystal implies that f(@) has a maxi- 
mum at 6=0. Of the total number of molecules NV only 
N» may be considered as having energies low enough 
to be effectively bound by the wells. The remainder 
N.u=N-—N, which have energies above the well will 
be able to rotate above it. If on escaping from the well 
such molecules have complete freedom, they will con- 
tribute a single line at =0. One expects such lines to be 
rather weak except at temperatures near the liquid 
crystal-liquid transition point. 














Fic. 4. Line shape and corresponding g{8} for DPAA at 127°C. 


8G. E. Pake, J. Chem. Phys. 16, 327 (1948). 


Let the fraction of the number of bound molecules NV, 
whose axes lie in the cone between 6 and 6+d8 be 


dN, . 


b 
where T is the temperature and 
ff 666,79 singas=1. (a) 
0 
The line shape consists of the sum of two overlapping 
branches 
P(h,T)=P*(h,T)+P-(h,T) (Sa) 
g{cos|3(1+h/a) }},T} 
P+(h,T)= . 
4(3)3(1+h/a)! 


g{cos'[3(1—h/a) }},T} 
4(3)!(1—h/a)! 





—a<h<2a (5b) 


P-(h,T)= 





—2a<h<a (5c) 
where P+ and P- have been normalized such that 


+2a 
J P(h,T)dh=1. (5d) 


—2a 


The distribution function g{8,7} is not known! for the 
liquid crystal phase and therefore one of the most 
important results which we may hope to obtain from 
our experiment is a qualitative picture of the shape of 
this function. Since the maxima in the line shape P(/) 
are temperature dependent, they cannot arise from the 
zeros at h=-ta in the denominators of Eqs. (5b) and 
(5c). It appears that the numerators of Eqs. (5b) and 
(5c) must vanish at least as fast as (1-t-h/a)! as hha. 
This restriction can be understood physically by noting 
that h=-ta corresponds to B=7/2. Molecules having 
energies high enough to reach this angle are essentially 
free to rotate and therefore do not belong to the class 
of bound molecules whose angular distribution is given 
by g{8,7}. The intermolecular broadening prevents the 
experimental line shapes from faithfully reproducing 
the theoretical shape of Eqs. (5). However, rotation 
about the molecular axis probably tends to minimize 
this effect. If we assume that the intermolecular broad- 
ening has a negligible effect, we may deduce g{6,7} 
from the observed lines from which the central com- 
ponent has been subtracted. Typical results are shown 
in Fig. 4. 

An examination of our experimental line shapes indi- 
cates that the distribution functions P+(#) and P~(h) 
satisfy an approximate relation between their mode 


9 Our previous remarks imply that g{ 8,7} should be of the form 
g{B,T}~C(T)S o* expl—v(T)V (@—8) ]f() sindd@ where V (8—@) 
is the potential of a well oriented along 0. 
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and mean of the form 


+20 
2 f hP+(h,T)dh~hp(T)+e (6a) 


ong 


Q@ 


2] hP-(h,T)dh~—hn(T)—«, (6b) 


—2a 


where h,,(T) is the position of the maxima of the line 
shape and ¢ is parameter which is assumed to be inde- 
pendent of temperature. These equations lead to the 
result 

a(3 cos*B—1)wW~hn(T) +e (7a) 


Ah=2hm~2a(3 cos?B—1)4,—2e. (7b) 


Unfortunately we have no way of checking this result 
directly for DPAA. However, in the case of the corre- 
sponding undeuterated compound, the values of 
(3 cos?8—1), have been calculated by Zwetkoff'® from 
experimental data on the diamagnetic susceptibility 
and the indices of refraction. If we assume that the 
signal from the CH; group in PAA does not appreciably 
modify the position of the satellites from the benzene 
ring then we should expect that Eqs. (7a) and (7b) 
should also be approximately correct in this case. 
Figure 5 shows Ah plotted as a function of (3 cos?B—1) 
at corresponding temperatures for this case. As expected 
from Eq. (7b) the relation between the two variables 
is linear except at temperatures near the clear point. 
The slope is 2.93 gauss rather than 2.88 gauss as indi- 
cated by Eq. (7b). The value of ¢€ is 0.21 gauss. 

The separation between the outermost satellites in 
PAP near the liquid crystal-crystal transition tempera- 
ture is 5.5 gauss which is almost as large as the value of 
5.8 gauss expected for a complete orientation of mole- 
cules of the liquid crystal phase. Comparing this with 
the value 3.5 gauss found for PAA at corresponding 
temperatures we see it appears that replacing CH; 
groups with C2H; groups leads to a somewhat more 
completely oriented liquid crystal phase. Deuterated 
methyl groups give the smallest amount of orientation 
since for this case the satellite separation at the liquid 
crystal-crystal transition is only 3.0 gauss. Even at the 
other extreme of the liquid crystal phase, i.e., the liquid 
crystal-liquid transition, the amount of orientation 
still appears to be greatest with C,H; groups, next 
largest with CH; groups, and least with CD3. If we 
associate the latent heat of the liquid crystal-liquid 
transition with the energy required to raise the mole- 
cules from oriented to rotating states, the fact that this 
latent heat is 0.90 cal/M for PAP and 0.46 cal/M for 
PAA is at least qualitatively reasonable. One expects 
that the latent heat for the deuterated compound 
should be less than either of these values. 

We now consider the origin of the central portion of 
the line structure of each of the three compounds. The 


0 W. Zwetkoff, Acta Physicochim. U.R.S.S. 16, 132 (1942). 


central component in the compound with the deuterated 
end groups probably arises from molecules with in- 
completely deuterated end groups (the deuteration was 
estimated as about 95 percent complete) and from mole- 
cules in unbound or rotating states. The fact that the 
central component is not completely due to incomplete 
deuteration is demonstrated by the rapid growth of the 
central component with temperature as the liquid 
crystal-liquid transition is approached. 

The central component in PAA probably arises from 
the protons in the CH; groups and from all the protons 
on molecules in unbound states. It is difficult to say 
exactly what the exact shape of the signal from the 
CH; groups on molecules in the bound states will be 
since it is not known to what extent the potential wells 
are effective in restricting the motion of these groups. 
The amplitude and width of the central line® are such 
that it is plausible to assume that the motion plus inter- 
molecular broadening are sufficient to narrow the signal 
into a single structureless line. 

Similar remarks appear to apply to the signal from 
the C.H; group in PAP in the higher temperature 
portions of the liquid crystal phase. However as the 
temperature is decreased a structure begins to appear 
in the central portion of the line as we have previously 
indicated in the experimental section. If we assume 
rotation about the C—O, O—C, and C—C bonds we 
should expect an additional pair of satellites whose 
spacing would approximate 0.3 the spacing between 
the satellites due to the protons on the benzene rings. 
The additional pair of satellites arise from the super- 
position of a doublet from the two protons around one 
carbon in the C2H; group on the outer wings of a triplet 
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from the three protons" around the other carbon in 
the group. The spacing predicted on this model is in 
good agreement with that actually observed. The 
existence of such structure in the lower-temperature 
portion of liquid crystal phase of this compound can 
be construed as further supporting our previous argu- 
ment of fairly complete orientation in this temperature 
range. 


RESULTS ON OTHER LIQUID CRYSTALS 


Exploratory experiments on compounds such as 
4-4’ propyloxyazoxybenzene and anisaldazine which 
are similar in structure to those we have discussed 


11 Andrews and Bersohn, J. Chem. Phys. 18, 159 (1950). 
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show that the proton resonance signal from their liquid 
crystal phase exhibits a structure similar to that found 
for PAA. On the other hand, the signal from smectic 
liquid crystal phases" such as exist in sodium oleate and 
sodium stearate appears to be a single structureless line 
with a width intermediate between that of the liquid 
and crystalline phases. Work is also underway on com- 
pounds which exhibit more than one liquid crystal phase. 

The authors wish to thank Dr. G. S. Gutowsky of 
the University of Illinois for the help derived from 
several discussions of this problem. We gratefully 
acknowledge the fact that the present work was made 
possible by several grants-in-aid from the All College 


Research Committee of Michigan State College. 


12H. A. Moses, M. S. thesis, Michigan State College (1953). 
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The quantum yields of halogen production in the vacuum 
photolysis of silver bromide and silver chloride have been meas- 
ured at various temperatures, wavelengths, and light intensities. 
Silver-bromide crystals containing small amounts of copper and 
cadmium bromide have also been studied. At room temperature, 
the yields of thick crystals follow the equation, 

o=Q(1-e™), 
where Q is the surface efficiency, k is the absorption coefficient, 
and ais a parameter which is defined below. At room temperature, 
in the halogen evolution range studied, the value of a for silver 
bromide is about 0.4 micron and that for silver chloride is about 
0.24 micron. The values of Q are usually between 0.5 and 1.0. 

The quantum yield of halogen production at room temperature 
is similar to the yield of a fast wall reaction. Both depend on the 
diffusion of reactants to the surface. The parameter a is related 
to the thickness of the diffusion layer. A numerical solution of the 
diffusion equation by C. A. Duboc has shown that 

1.154D} 
¢=——— 
ktk,t/,2 


I, INTRODUCTION 


HE quantum yields of bromine production in the 
vacuum photolysis of silver bromide have been 
measured.' The yields of thick crystals increased with 
decreasing wavelength, reaching values near unity at 
short wavelengths. When thin crystals were used, the 
long-wavelength yields increased. These facts were 
explained by assuming that the light absorption which 
produces gaseous bromine occurs within a thin surface 


* Communication No. 1691 from the Kodak Research Labora- 
tories. 

1G. W. Luckey, J. Phys. Chem. 57, 791 (1953). A bibliography 
of the work on the photolysis of silver bromide is given in this 
article. 


where D is the diffusion coefficient of positive holes and electrons, 
k; is the recombination coefficient of positive holes and electrons 
in the silver halide, and J, is the incident intensity of light. 

Above a certain temperature, the quantum yields decrease with 
increasing temperature, the long-wavelength yields increase rela- 
tive to those at short wavelength and the yields increase with 
increasing light intensity. These effects are inhibited by the addi- 
tion of copper bromide to silver-bromide crystals. The decrease in 
yield at high temperatures is probably caused by the decreased 
effectiveness of traps. The cadmium results indicate that this 
decrease is also affected by the ionic conductivity of the crystals. 
The addition of copper or cadmium ion does not have a large 
effect on the quantum yields at room temperature. This indicates 
that positive-ion vacancies in the silver halides are not good posi- 
tive hole-traps at room temperature. The data and the solution of 
the diffusion equation indicate that the quantum yield of photo- 
conductivity and photolysis are closely related. Additional meas- 
urements of photoconductivity and light-absorption coefficients 
are needed before the results can be completely interpreted. 


layer of the crystal. As the wavelength decreases, more 
of the incident radiation is absorbed in the surface 
layer, and the quantum yield increases. In thin crystals 
or emulsion grains, the thickness is comparable with 
that of the active layer, and the yield is large at long 
wavelengths. 

The first measurements of silver-chloride photolysis 
efficiency were reported by Eggert and Noddack? in 
1925. The quantum yields of silver production in the 
room-temperature photolysis of silver chloride-gelatin 
emulsions were measured at 365 my and were between 
0.87 and 0.81 in the intensity range between 1.15 10" 


2 J. Eggert and W. Noddack, Z. Physik 31, 922 (1925). 
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and 14710" quanta/cm?/sec. These emulsion studies 
were recently resumed by Meidinger® who showed that 
the quantum yield of silver production at 366 my and 
20°C was 0.45, with or without chemical halogen 
acceptors present. At 100°C the yield was 0.53 in the 
absence of a halogen acceptor and 0.92 in the presence 
of a one percent solution of sodium nitrite. 

The photolysis of gelatin-free silver chloride precipi- 
tates was studied by Feldmann and co-workers.*-* The 
quantum yield of chlorine production in the photolysis 
of water suspensions of silver chloride was 0.45 at 
365 my and room temperature. In the presence of 
nitrite ion, the yields were close to unity at both 365 and 
313 mu. These results were criticized by Plotnikow,’ but 
the error caused by the light absorption of the nitrite 
ion was probably less than 25 percent.® 

Hilsch and Pohl* measured the quantum yield of silver 
formation in the photolysis of thick, dry, silver-chloride 
crystals. The yield was about 0.4 at 405 my. Later 
work showed that this result was caused by mechanical 
deformation of the crystals. Stasiw and Teltow™ 
showed that thick silver-chloride crystals were very 
insensitive and that print-out occurred only on the 
surface of pure crystals. No quantitative data were 
reported by these investigators. 

The present work was undertaken to extend the 
study of the vacuum photolysis of silver bromide and 
to measure the quantum yields of chlorine production 
in the vacuum photolysis of silver chloride. 


II. EXPERIMENTAL 
Preparation of Silver Halides 


The silver halides were prepared from Eastman 
Kodak Company C.P. silver nitrate and redistilled hy- 
drobromic or hydrochloric acid. Several. types of silver 
halide were used: films fused between two Vycor plates, 
slabs fused in an atmosphere of nitrogen or halogen, 
halogenated silver, and crystals prepared by isothermal 
distillation of water into a solution of silver halide in 
the corresponding halogen acid. 

In preparing the fused samples, the precipitate was 
melted and the corresponding halogen and hydrogen- 
halide gases were bubbled through the melt. The molten 
material was filtered through a fine glass capillary and 
collected in a vessel maintained at ice temperature. 
The halide was then remelted on one of the Vycor 
plates" and the corresponding halogen and hydrogen 
halide were again bubbled through the melt. If this 


3W. Meidinger, Z. wiss. Phot. 44, 1 (1949). 

4P. Feldmann, Z. physik: Chem. B12, 449 (1931). 

5 P. Feldmann and A. Stern, Z. physik. Chem. B12, 467 (1931). 

6 P. Feldmann and A. Stern, Z. physik. Chem. B26, 45 (1934). 

7J. Plotnikow, Phot. Korr. 67, 199 (1931). 

® R. Hilsch and R. W. Pohl, Z. Physik 64, 606 (1930). 

°H. Pick and R. W. Pohl, Z. Naturforsch. 6a, 360 (1951). 

QO. Stasiw and J. Teltow, Nachr. Akad. Wiss. Géttingen, 
Math.-physik. KI. IIa, 93 (1941). 


1 Obtainable from Corning Glass Works, Corning, New York. 
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treatment was continued, the halide coalesced into a 
droplet which did not wet Vycor. In this form, the low 
interfacial tension prevented easy spreading between 
the plates. This difficulty was removed when a small 
amount of oxygen was present.” As a result, almost 
all of the fused crystals used in this work may have 
contained minute traces of silver oxide. Experiments 
with crystals prepared from the completely halogenated 
melt showed that these traces did not affect the quan- 
tum yields of photolysis. The use of the hydrogen 
halide was suggested by J. W. Mitchell."* Hedges and 
Mitchell have recently published additional details 
about the preparation of crystals of this type. Spectro- 
scopic analysis of these crystals!® showed that trace 
quantities of aluminum, calcium, copper, chromium, 
iron, magnesium, nickel, silicon, sodium, and zinc 
were present. These impurities are also present in the 
silver nitrate used in emulsion manufacture. 

Several samples of rolled and unrolled silver chloride 
were obtained from the Harshaw Chemical Company. 
The impurities in these crystals were similar to those 
reported in a preceding paragraph. The Harshaw crys- 
tals contained some silver, which could be removed by 
chlorination. 

Some of the fused samples of silver halide were sus- 
pended in a saturated solution of silver halide in the 
corresponding distilled halogen acid. The solution was 
magnetically stirred and slowly diluted by isothermal 
distillation.!® The surfaces of most of the fused crystals 
had a (100) orientation as described by Hedges and 
Mitchell." The silver halide from the solution was de- 
posited on the (111) faces of the fused crystal, producing 
long needles of silver halide at the edge and square- 
based pyramids on the (100) faces. The surface of the 
resultant crystal was (111) oriented. The orientation 
of the crystals was determined by development as 
described by Keith and Mitchell!” 

The fused slabs used in these experiments were 
similar to those described previously. 


Preparation of Mixed Crystals 


The mixed crystals were prepared by adding the de- 
sired impurity halide to the melt. The homogeneous 
mixture was then pressed between the glass plates and 
crystallized as previously described. 


Preparation of Halogen 


The bromine was prepared by the method used be- 
fore. Large quantities of chlorine gas were not purified 
and stored because of its high vapor pressure at room 
temperature. In these experiments, Matheson chlorine 


20. Stasiw and J. Teltow, Z. anorg. Chem. 257, 109 (1948), 
13 J. W. Mitchell, private communication (1953). 
14 J. M. Hedges and J. W. Mitchell, Phil. Mag. 44, 357 (1953). 
15 The crystals were analyzed by J. Moore, of these Laboratories. 
16 The method of isothermal distillation was suggested by R. H. 
Lambert, of these Laboratories. 
17H. D. Keith and J. W. Mitchell, Phil. Mag. 44, 877 (1953). 























884 GEORGE W. LUCKEY 
TaBLE I. Typical quantum yields of bromine production at various wavelengths and temperatures. 
Temp. in Surface Corrected quantum yield at 
Sample description i efficiency 280 mz 313 mp 365 mp 405 mu 436 mu 
(1) Pure, no etch, 0.13 mm thick 25 0.69 093 0.79 0.267 0.101 0.088 (1) A 
92 0.26 10 10 055 037 0.25 (2) A 
134 0.06 1.0 1.0 1.00 (3) A 
(2) Pure, NH; and HBr etch, fused slab 3 mm thick : “ee ry ry oa — -_ 
97 0.049 10 10 058 037 0.16 (4) C 
(3) Solution grown 25 Pa 0.93 0.79 0.292 0.098 0.047 
71 0.1 1.00 0.82 0.36 0.20 0.11 | 
(4) Pure, NH; and HBr etch, same as (1) 25 0.68 0.93 0.91 0.224 0.090 0.023 (5) A 
(5) Pure, KCN and HBr etch, 0.13 mm 25 0.66 0.93 0.85 0.168 0.068 0.024 (6) A 
(6) Brominated Johnson-Matthey Silver (28 ppm Cu) - 4 eo i 4 ee 0.041 
(7) Brominated Silver, Fine (221 ppm Cu) 25 0.60 0.93 0.93 0.30 0.095 0.035 (7) A 
138 0.73 1.00 0.91 0.34 0.18 0.075 (8) C 
(8) Fused, 0.14% Cu, 0.13 mm thick = oa oo eo —y en ame | 
le ¢ A le . USO 
146 0.68 1.00 1.00 0.35 0.16 0.063 = 
174 0.15 1.0 1.0 0.52 0.23 
(9) Fused, 0.023% Cu, 0.13 mm thick 25 1.0 a 0.77 0.220 “oo E oone pe 
89 0.89 a: 0.89 0.40 0.1 0.075 1 
139 0.45 1.00 0.89 042 013 0.060 silver 
170 0.070 1.0 0.83 0.56 0.22 ent 
(10) Fused, 0.003% Cu, 0.13 mm thick 25 12 0.93 O81 0.155 0.056 0.022 rer 
92 0.71 1,00 0.90 0.30 0.11 0.037 yleld, 
113 0.24 1.0 0.92 0.39 0.20 
(11) Fused, 0.019% Cd, 0.13 mm thick — yd ey a oe aie nn 
120 0.15 10 O81 026° — ) 
158 0.12 10 10 037 0.12 Th 
(12) Fused, 0.003% Cd, 0.13 mm thick - 0.73 — — Fe 0.094 oo ities 
0 0.48 a if 0.4 0.20 075 
100 0.14 1.0 1.0 0.68 0.27 0.10 sumn 
(13) Fused, 0.0001% Cd, 0.13 mm thick 4 nas eo oan pe ey aare equal 
105 0.086 10 10 082 037 0.18 effici¢ 
Th 
of th 
was admitted to the vacuum system and condensed with Procedure re | 
liquid nitrogen. After degassing, the chlorine was The procedure used in these experiments was similar a . 
warmed to the temperature of solid carbon dioxide and to that described before. It has been found” that valid 
distilled into the reaction system. The excess chlorine silver halides adsorb appreciable amounts of water. ia 
was removed by evacuation. This adsorbed layer decreases the quantum yield of nadie 
halogen production and prevents accurate measure- “oie 
Apparatus ments. Therefore, all of the samples were heated to It is 
Th ‘ a 200°C in a vacuum for at least six hours before they were Siete 
‘ : Pe Salis ae hats d . . irradiated. At higher temperatures, some of the silver wir 
or Sencntvanes — mn thitwh. ain. evaporated, but no evaporation was observed q 
cally in the range used in these experiments. The light .; 999°¢ prod 
absorption of the samples was measured with a Model —_— — 
11 MS Cary Recording Spectrophotometer.'® The light : ‘ pen 
oo pena Gesecel - a * ARLE entenon a As mentioned before," the experimental error of most cryst 
son “Hes hth tee tile nur eae amen 0 of the short-wavelength quantum-yield measurements this | 
<eabtd ¥¢ dL b ae ester utiles a nail il at room temperature is less than 15 percent. In some meas 
“ie wom asi : ry 0 8 ; q cases, particularly with the less effective wavelengths possi 
cepOmaser. 2 tlle ie Me a 4 y omega q 4 of light, the errors are larger than this. The usual error 1x 1 
band of transmitted wavelengths about 10 mu wide; oF the high-temperature results is less than 30 percent. temp 
the other produced a band about 5 my wide. This This increase in error is caused by the increased rate of creas 
change in band width did not affect the results. The recombination of photolytic silver and halogen and the silver 
light intensity was measured with a calibrated thermo- smaller yields. vary 
pile, as described previously. The poor precision of the results obtained with differ- cryst 
a ent samples is probably cause ] nts of | 
18 The author is indebted to A. Johnson and E. E. Richardson, panne P y d by small amou oa 
of these Laboratories, for these measurements. 19G. W. Luckey and W. West (to be published). agent 
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TABLE II. Comparison of theory and experiment at 25°C. 








Wavelength in mu 





Item description 280 302 313 334 365 405 436 
(1) Average corrected yield, surface efficiency 0.57 0.27 0.186 0.122 0.041 
unity, silver chloride 
(2) Average deviation of data in (1) in 0 10 10 14 13 
percent 
(3) Absorption coefficients k, in units of 10 4.00 1.30 0.91 0.45 0.18 
cm (Milliman) 
(4) Calculated value of a in (1—e-**) in 2.1 2.4 2.3 2.9 23 
units of 10-5 cm 
(5) Average corrected yield, surface efficiency 0.93 0.89 0.83 0.51 0.225 0.086 0.032 
unity, silver bromide 
(6) Average deviation of data in (5) in 0 3 3 11 18 20 22 
percent 
(7) Absorption coefficients k, in units of 104 4.2 2.9 2.7 1.3 0.61 0.172 0.0505 
cm (Slade and Toy; Fesefeldt and 
Gyulai) 
(8) Calculated value of a in (1—e-*) in 6.3 7.6 6.6 5.5 4.2 5.2 6.4 


units of 10-5 cm 








impurities in the samples. The level of impurity in the 
silver halide is about one part in one million. This con- 
centration has an appreciable effect on the quantum 
yield. 

Ill. EXPERIMENTAL RESULTS 


A. Silver Bromide 


The quantum yields of bromine production in the 
vacuum photolysis of silver bromide crystals are 
summarized in Tables I and II. The measured yields are 
equal to the corrected yields multiplied by the surface 
efficiency given in the table. 

This surface efficiency was chosen so that the quotient 
of the measured yield at 280 my and the efficiency was 
0.93 for silver bromide and 0.57 for silver chloride. At 
high temperatures, the corrected quantum yield at 280 
mu was assumed to be 1.0. This assumption is probably 
valid for silver bromide, but may not be valid for silver 
chloride at the temperatures tested. This concept of 
surface efficiency separates the effects of wavelength 
variation from those of intrinsic crystal sensitivity. 
It is necessary because not all of the halogen escapes 
from the crystal surface. The quantum yields in these 
and the other tables are the yields of halogen-atom 
production, and are twice the yields of halogen-molecule 
production. As will be shown, the quantum yields de- 
pend on the rate of absorption of light in the element of 
crystal volume under consideration. In order to remove 
this dependence, the wavelength-variation data were 
measured at equal rates of halogen evolution wherever 
possible. The bromine evolution rate was usually about 
1X10'* atoms/cm?/min at room temperature. At high 
temperatures, the decrease in surface efficiency de- 
creased this rate. The yields of crystals from the same 
silver bromide preparation are reproducible. The yields 
vary when different preparations are used. Some of the 
crystals were etched in 28 percent Eastman Kodak 
ammonia water, 10 percent Baker and Adamson Re- 
agent Grade potassium cyanide solution, or constant- 


boiling hydrobromic acid. Treatment with cyanide 
alone suppresses the evolution of bromine. If the cyanide 
etch is followed by a hydrobromic acid treatment, high 
yields are obtained. A 10-» thickness of silver halide was 
usually removed by the etch treatments. Etching with 
volatile agents has little effect on the quantum yield of 
silver bromide. 

The gaseous bromine produced by photolysis recom- 
bines with the photolytic silver. Prolonged exposure to 
light and increased temperature accelerate the rate of 
this regression. Addition of cadmium to the crystals 
decreases the rate of regression. 

The effect of temperature on the efficiency of silver 
bromide photolysis is shown in Fig. 1. In this figure, 
the negative logarithm of the surface efficiency is 
plotted against reciprocal absolute temperature at con- 
stant light intensity. Some typical high-temperature 
results at various wavelengths are given in Table I. The 
data in Fig. 1 were obtained with several different 
crystals. As described in succeeding sections, the scatter 
of the points is probably caused by small amounts of 
impurities in the crystals. 


B. Silver Chloride 


Some of the quantum yields of chlorine formation in 
the vacuum photolysis of silver chloride at room tem- 
perature are given in Table III. Table II summarizes 
all the data. The chlorine evolution rate was usually 
5X10" atoms/cm?/min at room temperature. Etch 
treatments of silver chloride crystals with a 28 percent 
ammonia solution or with Baker and Adamson C. P. 
concentrated hydrochloric acid improved the sensi- 
tivity as shown in Table III. An etch treatment with a 
10 percent potassium-cyanide solution again suppresses 
the evolution of halogen, but this suppression is re- 
moved by a subsequent treatment with dilute hydro- 
chloric acid. 

The rate of regression in silver-chloride photolysis is 
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886 GEORGE W. LUCKEY 
TABLE III. Typical quantum yields of chlorine production at various wavelengths and temperatures. 
Temp. in Surface Corrected quantum yield at 
Sample description ~~ efficiency 280 mz 302 mz 313 mp 334 my 365 mu 
(1) Harshaw, 0.27 mm thick, rolled, no etch 25 0.35 0.57 0.25 0.160 0.11 0.034 (1) F 
(2) Harshaw, 0.27 mm thick, rolled, NH; and HCl etch 25 0.74 0.57 0.29 0.20 0.13 0.043 (2) F 
74 0.36 1.00 0.70 0.17 
100 0.18 1.0 0.75 0.23 
139 0.07 1.0 0.9 0.3 (3) S 
(3) Fused, 0.1 mm thick, no etch 25 0.20 0.57 0.24 0.15 
(4) Fused, 0.1 mm thick, NH; and HCl etch 25 0.65 0.57 0.28 0.21 0.138 0.040 (4) F 
66 0.56 1.00 0.53 0.121 
96 0.24 1.0 0.61 0.19 (5) B 
118 0.08 1.0 0.86 0.21 
(5) Fused slab, 3 mm no etch 25 0.29 0.57 0.26 0.176 O11 0.041 (6) B 
(6) Fused slab, 3 mm NH; etch Zz 0.87 0.57 0.27 0.181 0.147 0.043 
7) Harshaw, 1 mm not rolled, KCN and HCI etch 25 0.78 0.57 0.28 0.180 0.115 0.040 
(3) Chlorinated Johnson-Matthey Silver 25 0.75 0.57 034 0.22 0.103 0.028 os 
much slower than that in silver-bromide photolysis, and the walls may occur. The yields reported in Tables (8) S 
but also increases with increasing temperature and __ I, II, III, and IV are those in the constant-yield region. | 
decomposition. (9) S 
The effect of temperature on the efficiency of silver- D. Effect of Light Intensity (10) § 
chloride photolysis is shown in Fig. 2. Some typical ih ea : : 
high-temperature results at various wavelengths are The effect of light intensity on the quantum yields of 
‘ven in Table III the evolution of halogen from some of the crystals is — 
6 shown in Tables IV and V. At room temperature, a 
decrease in intensity usually increases the quantum a 
: A : ; . : ppre 
C. Effect of Exposure yield of silver chloride. The silver-bromide yields are quan' 
The quantum yields of the fused crystals increase usually unaffected. At high temperature, a decrease in perat 
rapidly with exposure and become constant after about intensity decreases the quantum yield of both silver san te 
2X 10'* atoms/cm? of halogen have been evolved. The chloride and silver bromide. As already mentioned, of sil 
usual increase is about a factor of two. After reaching most of the yields in Tables I, II, and ITI were measured seni 
this level, the yields are unchanged until about 10'*-10" at constant rates of evolution of halogen. Where this al 
atoms/cm? of halogen have been liberated. Above this was not possible, the results were corrected by use of 
exposure, the yields decrease slowly with increasing the measured variation of yield with the light intensity. 
irradiation. The initial increase may not be significant This correction did not exceed 20 percent. Th 
because some absorption of halogen by dust particles at roc 
E. Effect of Copper and Cadmium Impurities tion 
. - , surfa 
- i : As shown in Table I, addition of copper or cadmium pre 
- ion to silver-bromide crystals does not have a large this « 
| ° F effect on the quantum yields at room temperature. ping 
These impurities do affect the yields and the intensity- a 
> | ” 7 dependence of high temperature, as shown in Tables I — 
* ~~ and IV. Copper ion, in particular, is a very effective 
photolytic sensitizer at high temperature. 
~ tor 4 . A ‘ ‘ 
in . The experimental results obtained with brominated 
“ ” — silver are also listed in Tables I and IV. Chemical i < 
g ° analysis” showed that the fine silver contained about quan 
9 220 parts per million of copper and that the Johnson- had 
va | 1 Matthey spectroscopically-pure silver contained 28 prod 
Ys 60 parts per million. The tables show that this copper is aii 
wy 3 ig 7 probably responsible for the large quantum yields of 
° 0 ° brominated silver at high temperatures. 
wes | - o Cadmium ion also increases the quantum yields at 
° high temperature. At temperatures where the electrical 
eg 4 4 oo sab conductivity is known to be due to silver-ion vacancies 
Wr x 10° produced by the cadmium," the quantum yields are If th 
aes gE surfa 
Fic. 1. —Log(EFF) vs 1/T “‘pure” silver-bromide constant *” The author is indebted to T. Carroll, of these Laboratories, 
intensity (J31:3=1.0X 10"? quanta/minute). for these analyses. 
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TABLE IV. Effect of intensity on the quantum yield of silver bromide. 
Temp. Wavelength Quantum yield at 
Sample description in °C in mu To 0.192 Io 0.111 Io 0.062 Io 
(1) Fused, pure, 0.13 mm 25 313 0.37 0.42 
(2) Fused, pure, no etch, 0.13 mm 25 313 0.37 0.37 0.36 
87 313 0.27 0.22 
106 313 0.08 0.04 
(3) Solution grown 25 313 0.66 0.82 
71 313 0.22 0.15 
(4) Fused, pure, 0.13 mm thick 25 313 0.29 0.37 
55 313 0.20 0.13 
(5) Brominated Johnson-Matthey Silver (28 ppm Cu) 25 302 0.56 0.59 
92 313 0.23 0.19 
(6) Brominated silver 1000 Fine (221 ppm Cu) 25 302 0.53 0.65 
64 313 0.56 0.62 
90 302 0.67 0.58 
138 313 0.53 0.66 
(7) Same as (5), 0.14% Cu 25 365 0.112 0.109 
92 365 0.181 0.176 
146 365 0.18 0.24 
(8) Same as (6), 0.023% Cu 25 313 0.62 0.62 
89 302 0.79 0.75 
139 313 0.39 0.42 
(9) Same as (6), 0.003% Cu 25 302 0.61 0.67 
92 365 0.21 0.20 
(10) Same as (6), 0.019% Cd 25 365 0.10 0.13 
90 313 0.18 0.20 
139 313 0.13 0.10 








appreciable. In the intrinsic conductivity region, the 
quantum yield decreases rapidly with increasing tem- 
perature. Copper ion in the concentrations tested does 
not have an appreciable effect on the dark conductivity 
of silver bromide at the temperatures used for these 
experiments. 


IV. DISCUSSION OF RESULTS 


The wavelength-dependence of the quantum yield 
at room temperature has been explained by the assump- 
tion that positive holes which are formed in a thin 
surface layer of the halide crystal diffuse to the crystal 
surface and form halogen molecules.! If the thickness of 
this surface layer is a cm and the crystal thickness is z 
cm, the rate of production of halogen, from both surface 
layers, is 

dX 
." T.1—e-*2#+-e-*#(e**— 1) ]. 


(1) 


In this expression, 7, is the incident intensity in 
quanta/cm?/sec, and & is the absorption coefficient of 
the silver halide in cm~. The quantum yield of halogen 
production is the rate of production divided by the 
absorbed intensity, or 


1— kat. —kz ka} 
~ tind (2) 
(1—e—**) 





If the crystal thickness is much larger than that of the 
surface layer, 


o=1-—e**. (3) 


The absorption coefficients of silver chloride at 
various wavelengths have been recently determined by 
Milliman” and by Kaiser.” The absorption coefficients 
of silver bromide have been determined by Slade and 
Toy” and by Fesefeldt and Gyulai.** The data of Slade 
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Fic. 2. —Log(EFF) vs 1/T “pure” silver-chloride constant 
intensity (J2s9=2X10'* quanta/minute). 


21 P. D. Milliman, Master of Science thesis, Cornell University, 
Ithaca, New York, September, 1953. 

2 W. Kaiser, Z. Physik 132, 497 (1952). 

%R. E. Slade and F. C. Toy, Proc. Roy. Soc. (London) A97, 
181 (1920). 

*%H. Fesefeldt and Z. Gyulai, Nachr. Ges. Wiss. Gottingen, 
Math.-physik. K]. IIa, 226 (1929). 
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TABLE V. Effect of intensity on the quantum yield of silver chloride. 











Temp. Wavelength Quantum yield at 
Sample description m *C in mp Io 0.192 Io 0.111 Jo 
(1) Fused slab, no etch 3 mm thick 25 313 0.051 0.079 
(2) Harshaw, 2 mm NH; and HCI etch 25 313 0.083 0.151 
82 313 0.176 0.173 
115 313 0.216 0.159 
(3) Fused, 0.1 mm NH; and HCI etch 25 313 0.148 0.220 
66 313 0.290 0.250 
96 313 0.200 0.143 0.115 
118 313 0.080 0.038 
(4) Harshaw, 0.27 mm NH; and HC] etch 25 313 0.166 0.244 
74 313 0.294 0.221 
100 313 0.219 0.104 








and Toy are absolute, but these authors did not meas- 
ure absorption coefficients at wavelengths shorter than 
360 mu. Consequently, it is necessary to normalize the 
relative data of Fesefeldt and Gyulai so that the 
coefficients at 365 and 405 my agree with those of 
Slade and Toy. 

These absorption coefficients and the average cor- 
rected quantum yields of silver bromide and silver 
chloride photolysis are summarized in Table IT. As in 
Eqs. (1)—(3), the surface efficiency is assumed to be 
unity. Since the crystals used in this study were thick, 
the values of a calculated from Eq. (3) should be con- 
stant at all wavelengths. As shown in Table II, the 
silver-chloride data agree with the equation within the 
limits of experimental error. The silver-bromide values 
indicate that the short-wavelength absorption coeffi- 
cients used in the calculation are too small.”* This error 
is not surprising, because the Fesefeldt and Gyulai 
results are probably too large at long wavelengths”! 
and it is difficult to correct them for light reflection and 
scatter. There is a great need for accurate measurements 
of the absorption coefficients of silver bromide at short 
wavelengths. 

The absorption of light by the silver halide produces 
mobile positive holes and electrons in the crystal at 
room temperature.?*-*8 The electrons are trapped or 
recombine with positive holes. The positive holes also 
combine at the crystal surface, forming halogen mole- 
cules. These processes may be summarized as follows: 


X-+h,=X°+e kl. (4) 
X°+e= X- kipn (5) 
2A git +X°+X°= X24+2Ag;* kop” (6) 


Agit+te+M=M". k3(M)n(i). — (7) 


In these equations, J, is the light intensity incident on 
the crystal volume in quanta/cm?/sec, p, n, M, and i 


25 Unpublished preliminary results by the late Dr. M. Biltz 
support this conclusion. 

26 W. West and B. H. Carroll, J. Chem. Phys. 15, 529 (1947). 

27 E. K. Putseiko and P. V. Meiklyar, Zhur. Eksptl. Teoret. Fiz. 
U.S.S.R. 21, 341 (1951). 

28W. West, Fundamental Mechanisms of Photographic Sensi- 
tivity, J. W. Mitchell, editor (Butterworths Scientific Publications 
Ltd., London, 1951), p. 99. 


are the positive-hole, electron, trap, and mobile silver- 
ion concentrations in particles per cm’. As earlier in the 
paper, & is the absorption coefficient in cm and hy, ko, 
ks are rate constants for the processes shown. The 
symbols X~, X°, Agit, Agit, and X»2 represent halogen 
ions, positive holes, lattice silver ion, interstitial or 
surface silver ion, and halogen gas, respectively. This 
mechanism is certainly not complete. Impurities and 
disorder in the crystal undoubtedly trap both positive 
holes and electrons” and affect the rate of recombina- 
tion. However, at the high intensities and long expo- 
sures used in these experiments, some simplification 
may be justified and Eqs. (4)-(7) may describe the 
total reaction. The rate constants probably represent 
the summation of a number of detailed processes rather 
than the specific ones shown here. 

Inside the crystal at long wavelengths and high light 
intensities, the concentration of positive holes and 
electrons in the steady state is probably determined by 
processes (4) and (5). The vacuum photolysis data 
show that, near the crystal surface, a large fraction of 
the positive holes leave the crystal as halogen gas. 
This evolution of halogen will decrease the surface con- 
centration of positive holes. Since long exposures do 
not decrease the quantum yield greatly, the electrons 
near the surface must react with silver ions or traps 
and the surface electron concentration will also be low. 
Putseiko and Meiklyar’’ have shown that the photo- 
conductivity of silver halide crystals is small at short 
wavelengths, where most of the light is absorbed near 
the crystal surface. Measurements of the quantum 
efficiency of photoconduction in these Laboratories*! also 
indicate that the surface concentrations of positive 
holes and electrons are low. 

If the concentration of holes and electrons is large 
inside the crystal and small near the surface, the holes 
and electrons will diffuse from the interior to the sur- 
face. The system is similar to a photochemical decom- 
position in which an efficient wall reaction removes 
reactants formed near the surface and the remaining 
reactants are removed by homogeneous recombination. 

2 J. W. Mitchell, J. Phot. Sci. 1, 110 (1953). 


0 F, Seitz, Revs. Modern Phys. 23, 328 (1951). 
31 W. West, private communication. 
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VACUUM PHOTOLYSIS OF AgBr AND AgCl 


Such a system has been considered by R. M. Noyes.” 
He approximated the steady-state conditions by stat- 
ing that the concentration of reactant atoms in a uni- 
formly illuminated vessel is (kZ,/k:)? in most parts of 
the system but is zero in a shell which goes in from the 
wall a distance of 0.9 (D?/kI,k;)* cm, where D is the 
diffusion coefficient of the reactant and k, J,, and k, 
have meanings similar to those just given. The situa- 
tion in silver halide photolysis is more complex than 
that considered by Noyes, because the distribution 
of light in the crystal is not uniform in the wavelength 
region studied. Duboc* has solved the diffusion equa- 
tion for this case and has shown that the corrected 
yield of halogen production is approximated by the 


equation, 
1.154kD! 
$-1-exp(-———), (8) 
kiki T,} 
and consequently, 
1.154D} 
a=———_.. (9) 
kiky'T,$ 


These equations predict that a decrease in the in- 
cident intensity will increase the value of the parameter 
a and consequently the quantum yield. Tables IV and 
V show that this increase is observed at room tempera- 
ture in some cases. The equations also give a relation 
between the photochemical and photoelectric proper- 
ties of the silver halides. The details of this relation 
are given in Duboe’s work.* 

As the temperature of photolysis increases above a 
certain value, the quantum yields at long wavelengths 
increase relative to those at short wavelengths, the sur- 
face efficiency decreases, and the quantum yields de- 
crease with decreasing intensity. This increase in 
relative yield at long wavelengths is related to the large 
values of the silver-bromide parameter calculated at 
long wavelengths, and the absence of an intensity de- 
pendence of quantum yield at room temperature. As 
shown in Figs. 1 and 2, the silver bromide results at 
room temperature are probably affected by these 
changes with increasing temperature, while the silver 
chloride results are not. For a reliable test of the Duboc 
equation, the silver bromide crystals should be photo- 
lyzed at temperatures near zero degrees C, where the 
surface efficiency is large. 

Since the quantum yields do not decrease with in- 
creasing intensity at high temperatures, the decrease in 
surface efficiency is not caused by the increase in 
positive-hole and electron concentration described pre- 
viously.1 The results obtained with silver-bromide 
crystals containing copper ion provide a clue to the 
mechanism of this decrease. The copper additions do not 
affect the dark conductivity of the silver bromide in the 
temperature range studied, but do cause a large in- 
crease in the high-temperature surface efficiency. This 


® R. M. Noyes, J. Am. Chem. Soc. 73, 3039 (1951). 
%C, A. Duboc, private communication, 
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increase is approximately proportional to the copper 
concentration in the crystal in the concentration range 
tested. The copper also removes the usual increase in 
the relative quantum yields at long wavelength and 
the decrease in yield with decreasing intensity. Since the 
evolution of bromine is increased, it is reasonable to 
assume that the copper additions prevent recombina- 
tion of positive holes and electrons. The decrease in 
surface efficiency at high temperature is probably 
caused by the decreased effectiveness of traps in the 
silver-halide crystal. 

Katz* and Webb*® have shown that low-intensity 
reciprocity failure in silver-halide emulsions is probably 
caused by the instability of trapped electrons. This 
instability increases with increasing temperature, and 
Webb concluded that the activation energy in emulsions 
is about 0.77 electron-volt at the grain surface and 0.65 
electron-volt inside the grain. The same analysis may be 
applied to the present data. The time necessary to 
form a given amount of photolytic silver is inversely 
proportional to the quantum yield at constant absorbed 
intensity. Consequently, following Webb, 


=| --3 





(10) 
T, Te 


logts/t:=log1/¢2= 


The value of E for the pure silver bromide crystals 
are between 0.5 and 0.6 electron-volt. The addition of 
copper increases this energy to between 0.8 and 0.9 
electron-volt. The silver-chloride crystals have E-values 
of about 0.5 electron-volt. This value may be somewhat 
larger if the corrected yield at 280 my is not 1.0 in the 
temperature range above 60°C. 

It is possible to write a mechanism for the high- 
temperature reaction. However, consideration of the 
mechanism shows that the quantum yield depends on 
variables which are not known at present. Measure- 
ments of the efficiency of photoconduction and the 
light-absorption coefficients of the silver halides at 
various wavelengths and temperatures are needed to 
test the mechanism. 

The experimental results do show the great impor- 
tance of impurities in determining the photolytic 
properties of the silver halides. The results with bromi- 
nated silver should serve as a warning to those who use 
this material for fundamental studies. The effect of etch 
treatments of silver chloride with volatile reagents on 
the surface efficiency of photolysis may be due to the 
removal of impurities from the surface. The silver 
chloride crystals are prepared at high temperatures and 
may be contaminated by impurities from the Vycor 
plates. The Harshaw crystals could be contaminated 
during handling and shipment. 

It is interesting that large amounts of cadmium ion 
do not decrease the quantum yield of evolution of 
halogen. This observation supports a suggestion made 


4 E. Katz, J. Chem. Phys. 17, 1132 (1949). 
35 J. H. Webb, J. Opt. Soc. Am. 40, 3 (1950), 
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by Seitz** that positive-ion vacancies in the silver halides 
are not good positive-hole traps at room temperature. 

The rate of regression of photolysis is apparently re- 
lated to the interstitial silver-ion concentration of the 
crystals. The addition of cadmium bromide to silver 
bromide decreases the rate, and the rate in silver chlo- 
ride photolysis is much slower than that in silver bro- 
mide photolysis. This agrees with the work of Hauffe 
and Gensch*’ which showed that cadmium additions 
decrease the rate of corrosion of silver by gaseous 
bromine. Earlier work by Wagner** showed that the 
rate of corrosion of silver by chlorine was much slower 
than the rate of corrosion by bromine. 


Vv. CONCLUSIONS 


At room temperature and constant halogen evolution, 
the quantum yields of halogen production in the 
vacuum photolysis of the silver halides follow the 


equation, 
o=O(1—e*), 


where (Q is the surface efficiency, k is the absorption 
coefficient, and @ is a parameter. The value of a for 
silver bromide is about 0.4 micron at room temperature. 
The a@ value for silver chloride is about 0.24 micron. 
The values of Q are usually between 0.5 and 1.0. The 
quantum yield of halogen production at room tempera- 
ture is similar to the quantum yield of a fast wall 
reaction. Both depend on the diffusion of reactants to 
the surface. The parameter a is related to the thickness 
of a diffusion layer near the crystal surface. The solu- 
tion of the diffusion equation by Duboc has shown that 


1.154D} 
6=———_ 
RtkiT,* 


36 F, Seitz, private communication. 
( 37 x Hauffe and C. Gensch, Z. physik. Chem. A195, 116 
1950). 

38 C, Wagner, Z. physik. Chem. B32, 447 (1936). 
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where D is the diffusion coefficient of positive holes and 
electrons, k is the absorption coefficient of the silver 
halide, k; is the recombination rate constant for posi- 
tive holes and electrons, and J, is the intensity of the 
incident light. 

Above a certain temperature, the quantum yields 
decrease with increasing temperature, the long-wave- 
length yields increase relative to those at short wave- 
lengths, and the quantum yields increase with increasing 
light intensity. These effects are inhibited by small 
amounts of copper ion in silver bromide. The decrease in 
yield is probably caused mainly by the decreased effec- 
tiveness of traps, although the results obtained when 
small amounts of cadmium were added to the crystals 
indicated that ionic conductivity may also have some 
effect. The photolysis of silver bromide at room tem- 
perature is probably affected by these high-temperature 
changes. Consequently, the quantum yields are inde- 
pendent of absorbed light-intensity and the long wave- 
length yields are larger than those predicted by theory. 
Similar behavior is observed in silver chloride photo- 
lysis at temperatures between 60° and 70°C. 

Measurements of the silver-halide light-absorption 
coefficients and photoconductivity efficiencies are neces- 
sary before the high-temperature photolysis mechanism 
can be established. 

The addition of cadmium ion does not decrease the 
quantum yields at room temperature. This supports a 
suggestion by Seitz that positive-ion vacancies in the 
silver halides are not good positive hole traps at room 
temperature. 
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The selection rules for chain molecules are derived on the basis of the theory of one-dimensional space 
groups. The selection rules for crystals of polymer chains are discussed and correlated with those of isolated 
chains. The polyethylene molecule is analyzed in detail by these methods and the predictions of the theory 
compared with experiment. The effects of perturbations on the spectra are discussed. 





HE current revival of activity in the study of the 
spectra of crystals is in no small part due to the 
development of theoretical tools for the interpretation 
of such spectra.!:? Such tools have in main been lacking 
so far as chain molecules go, although selection rules 
for these may be readily derived. In this paper, the 
spectra of isolated chain molecules and crystals of 
chain molecules will be treated from the point of view 
of group theory. The possible effect of coiling of polymer 
chains will be discussed. 


LINE GROUPS AND THEIR REPRESENTATIONS 


Let us consider an isolated, infinite chain molecule, 
such as Nylon or cellulose. If the molecule is fully ex- 
tended, its symmetry may be described by a one- 
dimensional space group. We call this group a line 
group. It will contain, in addition to the familiar point 
covering operations, translations and possibly glide 
planes and screw axes.’ 

The translations plus the identity constitute an in- 
variant subgroup of the line group. The translational 
subgroup plus its cosets constitute a factor group of the 
line group. This factor group describes the symmetry 
of a single repeat unit, since the elements of a given 
coset of the translational group are all equivalent 
operations.* 

Like factor groups of space groups, the factor groups 
of line groups are isomorphous with one of the point 
groups. 

Part of the full body of line-group representation is 
given by the representations of the factor group. In 
these particular representations, the matrices corre- 
sponding to pure translations are unit matrices. There- 
fore, any normal mode of a chain molecule which be- 
longs to a factor group representation will be totally 
symmetric under translation. These are the only 
normal modes for which this is so. 

Winston and Halford? have given an expression for 
the entries in the character table of a space group. 
They point out that an irreducible representation of a 


* Part of the material in this paper was presented at the Sym- 
posium on Molecular Structure and Spectroscopy, Columbus, 
Ohio, 1954. 

1D. F. Hornig, J. Chem. Phys. 16, 1063 (1948). 

2H. Winston and R. S. Halford, J. Chem. Phys. 17, 607 (1949). 

3S. Bhagavantam and T. Venkatarayudu, The Theory of Groups 
and its Application to Physical Problems (Andhra University 
Press, Waltair, India, 1951). 


space group may be characterized by two quantities. 
The first of these is a set of wave-number vectors {x}, 
which are sent into each other by the point group 
underlying the space group. One each of a set of iso- 
morphous subgroups of this point group will leave one 
of the vectors of {x} invariant. A representation of the 
subgroup is the second quantity characterizing an 
irreducible representation of a space group. 

We may use this character table for line groups by 
noting that (1) the translation vectors now all lie in the 
same direction, and (2) the vectors in the reciprocal 
lattice all lie in the same direction, which is the direction 
of the space lattice. These two points are a consequence 
of the fact that our lattice is one-dimensional, even 
though it has a three-dimensional motive superposed 
upon it. 

Theory shows that the normal modes of a chain fall 
into frequency branches, where the frequency is a 
periodic function of the wave number.‘ There will be 
three of these branches for each atom found in a repeat 
unit. The normal modes corresponding to factor group 
representations of the line group are found at zero wave 
number. To each branch may be ascribed a symmetry 
species of the factor group. The symmetries of the non- 
factor group modes may be characterized as follows. 
First, we select a wave-number vector, and generate the 
set of vectors to which it gives rise under the operations 
of the point group underlying the line group. Second, 
we collect those elements of this point group which 
leave any one of these vectors invariant. Third, we 
reduce the representations of the full point group among 
those of its subgroup. This last operation is equivalent 
to reducing the factor-group representations among 
those of the subgroup. This is so because the factor 
group of a line group will be isomorphous with the 
point group underlying the line group. 

Now, the symmetry of our chosen normal mode will 
be given by the set of wave-number vectors and the 
subgroup representation into which the factor-group 
representation of its frequency branch reduces. 

This method of characterizing the symmetries of 
normal modes of chain molecules is equivalent to that 
given by Boukaert, Smoluchowski, and Wigner® for 
crystals. 

4F. Seitz, The Modern Theory of Solids (McGraw-Hill Book 


Company, Inc., New York, 1940). 
5 Boukaert, Smoluchowski, and Wigner, Phys. Rev. 50,58 (1936). 
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We conclude the discussion of line-group representa- 
tions with a few remarks on the subject of degeneracy. 
The line group cannot contain more than one screw 
axis or greater-than-twofold rotation axis. Therefore, 
no factor-group normal mode can have a degeneracy 
greater than two. Likewise, the set {x} for any chain 
lattice will never contain more than two members, 
corresponding to the two directions along the line 
lattice. It is readily shown from this that? the possible 
symmetry-caused degeneracies of nonfactor-group nor- 
mal modes are 1, 2, or 4 only. 

Besides the symmetry-caused degeneracy, there is 
the degeneracy caused by ‘“‘time reversal” symmetry.® 
This arises from the symmetry properties of the Hamil- 
tonian, and has the effect of making the eigenlevels 
corresponding to x the same as those corresponding to 
—x. This need not concern us further. 


SELECTION RULES FOR FUNDAMENTALS 


We may now, given the preceding discussion, proceed 
to derive selection rules for fundamental modes of chain 
molecules. A given transition will have spectral activity 
only if one of the matrix elements 


fvsateas (1) 


is nonvanishing. Here M is the dipole moment or 
polarizability. Since we are considering fundamentals, 
we may use the harmonic oscillator approximation, for 
which the condition for the nonvanishing of (1) is® 


T'(W#*)tine=T' (4m) tine (2) 


Here x, is a component of the dipole moment or polar- 
izability, and I’ is a line-group representation. Now, 
vectors and tensors are totally symmetric under trans- 
lation. They therefore generate only factor-group repre- 
sentations under the line-group covering operations. 
We see immediately that only those normal modes of a 
chain molecule which are totally symmetric under 
translation, and therefore ‘generate factor-group repre- 
sentations, can give rise to spectral activity. In addi- 
tion, of these only those modes which belong to the same 
representation as a component of the dipole moment 
or polarizability will give rise to spectral activity. 

The nonfactor-group normal modes, which constitute 
the vast majority of normal modes of a chain, are totally 
inactive as fundamentals. 

It may be worthwhile to consider this from another 
point of view. Since the factor-group modes are totally 
symmetric under translation, the phase change in 
going from repeat unit to repeat unit is zero. For the 
nonfactor group modes, there is a constant phase shift. 
In these, the contributions to the dipole moment or 
polarizability change from the various parts of the 
chain cancel each other out. 


6 Eyring, Walter, and Kimball, Quantum Chemistry (John 
Wiley and Sons, Inc., New York, 1948), p. 276, 
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Once the factor-group character table is available, 
the activities of the various symmetry species may be 
obtained either by inspection, or by the usual formulas.?* 


ENUMERATION OF FACTOR GROUP NORMAL MODES 


We wish to derive the number of normal modes of a 
polymer chain, which belongs to each symmetry species 
of the factor group. As stated earlier, if there are n 
atoms in a repeat unit, there will be 3 factor-group 
normal modes. 

The number of normal modes in each species is 
given by’ 


1 
=~ = wr(-1+2 cosp(R))x’(R). (3) 


The symbol wr requires some explanation. This quan- 
tity is the number of atoms of a repeat unit left in- 
variant under the operation R. An atom is considered 
as invariant if it either remains in its original position, 
or is carried into an identical position in a neighboring 
repeat unit. This latter is true because the operation in 
question has the same effect on this atom as a simple 
translation. Under the factor group, all translations are 
identity operations. 

The values of NV; given in (3) include “translations” 
and “rotations” of the repeat unit as a whole. The 
former are translations of the molecule as a whole, and 
may be subtracted from (3) to give 


1 
Nimo (wre—1)(+1+2 cos$(R))x’(R). (4) 
1 


The “rotations” of the repeat unit require closer 
scrutiny. A rotation of the repeat unit around the chain 
axis is, except for totally linear molecules, a rotation of 
the molecule as a whole. However rotations of the re- 
peat unit perpendicular to the chain axis are stretchings 
and bendings of the chain skeleton. There will thus be 
3n—4 vibrational branches for a chain whose repeat 
unit contains m atoms. The symmetry species of the 
rotation must be determined for each line group. Once 
this has been done, the mode corresponding to the 
factor-group pure rotations may be subtracted from 
the enumeration given by Eq. (4). The remaining two 
rotations correspond to nonfactor-group modes where 
the wavelength equals the chain length. 


SELECTION RULES FOR OVERTONES AND 
COMBINATION TONES 


In a crystal, as shown by Winston and Halford,’ the 
vast majority of wave-number vectors is left invariant 
by the identity operation only. As a consequence of this, 
the only restriction on combination or overtone non- 
factor-group normal modes is that both components 
must have the same wave-number vector. This latter 
restriction is active for chain molecules, but there are, 
in addition, further restrictions. These are a conse- 
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quence of the fact that in a chain, the space lattice and 
reciprocal lattice lie in the same direction. The wave- 
number vectors will often be left invariant under some 
operation other than identity, especially for chains of 
high symmetry. 

The selection rule for combinations is given by 
Eq. (18) of Winston and Halford’s paper 


1 
a,;-8-= > 


a *{K}) (K}y.f-e. 
pe ete) IE hy (Ely f8-(R). (5) 
Here x,‘-*- is a factor-group character and x;,'*! is a 
character characteristic of the point group leaving a 
wave-number vector invariant. The R are the elements 
of the point group underlying the space group which are 
contained in the group {K}. 

The content of this equation is as follows. Two non- 
factor-group normal modes having the same wave- 
number vectors may be assigned line-group symmetries 
as described in the section on line groups and their 
representations. If the direct product of their charac- 
ters in the group {K} contains a factor-group representa- 
tion, then the corresponding combination tone will 
have the activity of that factor-group representation. 

In obtaining the characters x,‘-*-(R), of course, we 
take advantage of the isomorphism of the factor group 
and the point group underlying the line group. 

One immediate consequence of this treatment is that 
all first overtones will have the activity of the totally 
symmetric factor-group mode. For line groups having 
centers of inversion, first overtones are infrared inactive. 


CRYSTALS OF CHAIN MOLECULES 


Most polymeric substances crystallize to a greater or 
lesser extent, and the crystal structures of a number 
have been determined. The methods for setting up 
selection rules for crystals cannot be applied to crystals 
of polymers without some modification. 

We approach the problem first from the site group 
point of view of Halford.’ Halford has pointed out 
that if the center of gravity of a molecule lies on a 
crystallographic special position, some of the point 
operations of the space group leave the molecular 
center of gravity invariant. These point operations 
constitute a group which is a subgroup of both the space 
group and free molecular group. The molecule is treated 
as if it had the symmetry of the site group and selection 
rules are derived on this basis. 

When we pass to a chain molecule, the center of 
gravity is replaced by an “axis of gravity,” and some 
nonpoint operations will leave this invariant. The col- 
lection of these operations is a line group, which we 
will refer to as the site-group line group. We may derive 
selection rules for the site group from those of its factor 
group, just as was done for free molecules. The site- 
group factor group will, as before, be isomorphous with 
one of the point groups. 


*R. S. Halford, J. Chem. Phys. 14, 8 (1946). 


The discussion of the selection rules under the space 
group is identical with that for molecular crystals! ?:* 
if we recall that the dimension of the crystallographic 
unit cell in the direction of a chain axis is precisely the 
length of a chain repeat unit. The one difference will be 
that some of the modes which would be lattice modes in 
a molecular crystal will be internal modes in a polymer 
crystal. The selection rules may be derived either by 
using the method of Hornig! and the site-group factor 
group, or by using the method of Bhagavantam and 
Venkatarayudu.*.* 

It seems worthwhile to compare the vibrations of a 
polymer crystal with those of an ordinary crystal. 
As was just mentioned, under the space group, the two 
are not particularly different. This is not true under the 
site group. As will be seen below, in a crystal of poly- 
ethylene, the methylene groups lie on crystallographic 
special positions of symmetry C,. If we imagine a 
crystal of polyethylene in which the C—C bonds are 
dissolved, the spectrum will, in the site-group approxi- 
mation, be that of a single methylene group. The 
coupling of the CH» groups introduces new elements 
of site symmetry, including, among others, translations. 
The site symmetry is now that of a chain having a line- 
group symmetry with a factor group isomorphous to C2. 

We might expect that the spectrum of a molecular 
crystal having a particularly strong lattice bond, such 
as a hydrogen bond, in one direction, might be treated 
as if the system had a line-group type symmetry. That 
is to say, we might characterize the effect of hydrogen 
bonding by reducing the representations of the site- 
group factor group among those of the crystallographic 
site-point groups. 

On the matter of overtones and combination tones, 
crystals of chain molecules will behave exactly like 
molecular crystals under the space group. This is to 
say that almost no symmetry restrictions will be opera- 
tive. However in cases where the site-group selection 
rules predominate, we expect rather stringent selection 
rules for combinations and overtones. This would be 
the case in a mixed crystal of a hydrogen and a deu- 
terium compound. 


APPLICATION TO POLYETHYLENE 


As an illustration of the theory the selection rules 
for polyethylene will be completely analyzed. If we 
consider an extended zigzag chain, the covering opera- 
tions are the following: 


(1) identity (2), 

(2) a mirror plane in the plane of the carbon chain (¢,), 

(3) mirror planes in the planes of the methylene 
groups (o,), 

(4) twofold axes bisecting the methylene groups (C2), 

(5) twofold axes bisecting the C—C bonds and per- 
pendicular to o, (C2’), 


8 J. Mathieu, Spectres de Vibration et Symetrie des Molecules et 
des Cristaux (Hermann & Cie., Paris, 1945). 
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TABLE I. Multiplication table for V;, (line). 








E Ov Ch on t C, C,! C2 
E E Ov On on t C, Ce Ce 


Ov Ov E Co C/ C, i a on 
On On Co E C. cy Gon t Ov 
on on "org C, E Co On Ov 7 


v7 a C, Ge Ce E Ov On, Gn, 
C, C; t on on Ov E Ce C.! 
C,! C,! on t Ov CO, Co E C, 
Ce Co On Ov a on C2! C. E 








(6) centers of inversion at the midpoints of the C—C 
bonds (i), 

(7) a twofold screw axis lying along the chain axis (C2), 

(8) a glide plane containing the chain axis, and per- 
pendicular to a, and o, (é;), 

(9) pure translations along the chain axis. 


The multiplication table for the factor group of this 
line group is shown in Table I. This table was obtained 
by carrying out typical line-group operations on a 
single repeat unit. Any operation which had the effect 
of translating a repeat unit completely into the next 
was taken as identity. It is easily shown from the multi- 
plication table that the factor group for polyethylene is 
isomorphous with point group V,. The character table 
is shown in Table II. 

Even at this point the analysis has given the useful 
result, that for an infinite polyethylene chain, the mu- 
tual exclusion rule must hold. Using the character 
table, the symmetry species of the translations, rota- 
tions, and components of the dipole moment and 
polarizability were obtained. These are shown in 
Table II. 

Applying Eq. (3), we find the enumeration of factor- 
group normal modes given in Table III. The transla- 
tions and rotations have been left in. In determining 
the vibrational modes, they may be subtracted by using 
Table II and Eq. (4). 

The classification of the vibrational factor group 
modes is shown in Table IV. A similar classification has 
been given before,® but this is the first derived by 
rigorous group theoretical methods. 


MARVIN C. TOBIN 


For the treatment of combination tones we easily 
find that each set {x} consists of a wave-number vector 
and its negative. The only exception is the wave- 
number vector whose terminus is at the end of the first 
Brillouin zone.‘ This vector is left invariant by the full 
factor group.® 

For all but this last vector, a group isomorphous 
with C2, leaves each wave-number vector invariant. 
The correlation chart connecting the species of V; with 
those of C2, is shown in Fig. 1. 

From this chart and Eq. (5), we quickly find that 
combinations between, for example, the A, twisting 
branch and the By, translational branch will give rise to 
both infrared and Raman activity. This is because 
direct products between line-group representations of 
these branches contain factor-group representations 
B., and B;,. This completes the treatment of the iso- 
lated polyethylene molecule. 

Passing to the crystal, Bunn” has shown that poly- 
ethylene has the space group Pnam-V;!°, with two 
chains passing through each unit cell. The factor-group 
operations of this space group are identity, three two- 
fold screw axes, two glide planes, one mirror plane, and 
a center of inversion. The factor group is isomorphous 
with V;,,. 

Of the factor-group operations, the mirror plane, a 
screw axis, the center of inversion and identity leave 
the axis of gravity of any particular chain invariant. 
These operations constitute the factor group of a site 
group, this factor group being isomorphous with C2). 
The site-group subgroup which leaves any given wave- 
number vector invariant is isomorphous with C2. 

The enumeration of normal modes under the site 
group and space group is shown in Table III. The 
correlation chart between the species of the factor 
groups of the line, site, and space groups is shown in 
Fig. 2. We see from Table III and Fig. 2 that each 
factor-group mode of the line group will split into two 
under the space group. Both components arising from 
perpendicular vibrations will be infrared active. Only 
one component arising from parallel vibrations will be 
infrared active. 


TABLE II. Character table for V;, (line). 








Translations and 





E Ov ch oh i C2 Ci! C2 Activity rotations 

Ag +1 +1 +1 +1 +1 +1 +1 +1 ag?, ac”, ae? FC, 
Au +1 —1 —1 -1 = 41 +1 +1 _ 
Big +1 +1 —1 =) +1 sel —1 —1 orc» RC, 
Bu +1 -1 +1 +1 -1 +1 —1 -1 MC, TC, 
Bog +1 -1 +1 -1 +1 —1 +1 I O62 RC,! 
Boy +1 +1 —1 +1 —1 -1 +1 —1 MC,! TC,! 
Bg +1 on ji +1 +1 ~| =] +1 QG202 

Byy +1 +1 +1 —1 -d —1 ~1 +1 MC, TC. 








®L. Kellner, Proc. Roy. Soc. (London) A64, 521 (1951). 
1 C, Bunn, Trans. Faraday Soc. 35, 482 (1939). 
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SELECTION RULES FOR NORMAL MODES OF CHAIN 


The 36 frequency branches of the crystal may be 
classified as follows: 


(1) three acoustic translational modes, 

(2) three translational lattice modes, 

(3) two rotational lattice modes, 

(4) twenty-eight internal vibrational modes. 


COMPARISON WITH EXPERIMENT 


The cause of the splitting of certain bands in going 
from molten to crystalline polymers has long been a 
source of puzzlement. The outstanding example is the 
13.9-micron band in long-chain hydrocarbons." In the 


TABLE ITI. Enumeration of factor-group normal modes. 
for polyethylene under the various groups. 








Line Ag ; = Big Buy Bog Bou Bag Bou 
3 1 3 2 2 3 1 3 


Site A, Au By By 
6 3 3 6 


Space Ag Ay Big By Bag Bar Bag Bou 
6 3 6 3 3 6 3 6 








crystal, this band splits into a doublet at 13.7 and 13.9 
microns. It has been established that these two have 
opposite polarizations, along the crystal a and b axes.” 
In dilute solutions of hydrocarbon in deutero-hydro- 
carbon, the band again appears as a singlet. These 
phenomena are in exact accord with the theoretical 
analysis. The 13.9-micron band, which arises from a 
perpendicular rocking of the methylene group, splits 


TABLE IV. Classification of the factor-group normal 
modes for polyethylene. 








CH stretch Ay, Big, Bou, Bsu 
CH bend Ag, Bsu 

CHe rock Big, Boy 

CH: twist Au, Bs, 

CH: wag Buu, Bag 

CC stretch Bo, 

C; bend A, 








into two components in the crystal, according to the 
space-group selection rules. In the solid solution, how- 
ever, the site-group rules are operative! and the band 
appears as a singlet. 

The other perpendicular bands are found to split in 
the same manner. 

Likewise, only one band arising from a parallel 
vibration is found in the infrared spectrum.” 


EFFECT OF PERTURBATIONS 


The analysis presented in this paper was predicated 
on a completely oriented polymer chain of infinite 


" Rugg, Smith, and Wartman, J. Polymer Sci. 11, 1 (1953). 

2S. Krimm, Pittsburgh Conference on Analytical Chemistry 
and Applied Spectroscopy, 1954. 

4S. Krimm, private communication. 
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Fic. 1. Correlation chart 
between V, and Cy». 








extent. In actuality, the chains are liable to contain a 
thousand or fewer repeat units, and are found in random 
crumpled configurations. 

The finite chain length may be taken into account by 
assuming the Born-Karman boundary conditions to 
hold.?4 On the basis of this approximation, one would 
predict that the factor-group frequencies would not be 
affected by changes in chain length, but that the non- 
factor-group frequencies would shift slightly. End 
effects might cause some breakdown of selection rules 
in relatively short chains.® 

The effect of disordering of the chains is more difficult 
to predict theoretically. However, it is found upon 
examining the spectra of molten chain hydrocarbons, 
that the number of bands assigned to methylene mo- 
tions is not greater than that predicted by the factor- 


A A 


N\A 














a J g we 
Bou B, Bou 
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Fic. 2. Correlation chart for the various groups of polyethylene 
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group analysis, and that, furthermore, about the cor- 
rect numbers of parallel and perpendicular bands 
appear." Bands appear in the infrared spectrum which 
are forbidden under the factor-group analysis. In the 
crystal, the space-group selection rules are found to 
hold very well. 

We may thus conclude tentatively that the effect of 
the disordering is to break down the factor group selec- 
tion rules without introducing new frequencies other 
than possibly nonfactor-group ones. 

The final perturbation of interest is that arising from 
combinations of nonfactor-group modes in the transla- 
tional and rotational branches with those in vibra- 
tional branches. It was indicated earlier that some of 
these are permitted by the line group selection rules. 

Whitcomb, Nielsen, and Thomas" have carried out 


4 Whitcomb, Nielsen, and Thomas, J. Chem. Phys. 8, 143 
(1940). 


a normal coordinate analysis of an infinite hydrocarbon 
chain, using a central-force potential. Their analysis 
indicates that the translational and rotational branches 
cover frequency ranges 250 cm™ to 450 cm™ wide. 
Combinations with a higher fundamental might cover 
twice this range. Actually, the bands in the poly- 
ethylene spectrum are relatively narrow, and no bands 
of this breadth occur. We conclude that combinations 
of this type are of very low intensity in polyethylene. 

A band 200 cm wide has, however, been observed 
in a Nylon type polymer.'® 

Note added in proof —The author wishes to thank Dr. Harvey 
Winston for pointing out that the Winston-Halford character 
table may fail at the Brillouin zone boundary for space groups 
having glide planes or screw axes. It will always fail for such line 
groups. In this case the characters may be obtained by other 
methods. One such method will be described by the author in a 


forthcoming paper, “Irreducible Representations of the Line 
Groups.” 


16M. C. Tobin, unpublished research. 
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Infrared Intensity of the C—D Stretch of Chloroform-d in Various Solvents* 


CHARLES M. HuGGINS AND GEORGE C. PIMENTEL 
Department of Chemistry and Chemical Engineering, University of California, Berkeley, California 


(Received August 30, 1954) 


Infrared measurements of the frequency and intensity of the C—D stretching and bending motions of 
CDCI; in various solvents are presented. The expected relationship between heat of solution and lowered 
stretching frequency is shown not to extend to CDC};. There is, however, a correlation between apparent 
integrated intensity of this band and the extent of interaction in the same solvent. The band is over thirty 
times as intense in triethylamine as in carbon tetrachloride solution. No large change in the intensity of 
the bending motion was observed. The infrared spectral properties of chloroform-d are interpreted to indicate 
molecular interactions similar to hydrogen bonding interactions. 


INTRODUCTION 


ARIOUS chemical evidence has indicated that the 
fairly strong interactions of chloroform with basic 
solvents are not simply van der Waals interactions.! It 
has been generally accepted that the interaction in- 
volves hydrogen bonding, in which the major attractive 
force is associated with the C—H --- X configuration. 
For the particular case of chloroform-acetone, a C—H 
--» O=C binding energy of 4.1 kcal was calculated? by 
the application of the van’t Hoff equation to the vapor 
pressure data of Schulze.’ 

Hydrogen bonds involving O—H or N—H groups 
have long been characterized by the lowered stretching 

* The results given in this paper were presented at the Sym- 
posium on Spectroscopy and Molecular Structure, The Ohio State 
University, Columbus, Ohio, in June, 1954. 

1 For discussion of the experimental and theoretical arguments 
related to essentially chemical observations, see J. H. Hildebrand 
and R. L. Scott, Solubility of Nonelectrolytes (Reinhold Publishing 
Corporation, New York, 1950). 

2 E. A. Moelwyn-Hughes and A. Sherman, J. Chem. Soc. 1936, 


101 (1936). 
8 A. Schulze, Z. physik. Chem. 93, 370 (1919). 


frequency of the O— H or N—H bond.‘ Correspondingly, 
infrared studies of solutions of chloroform offer a 
possible criterion to aid in identifying C—H hydrogen 
bonding. Indirect studies of this type have been made. 
Whiffen® has investigated the influence of solvents on 
the frequency, half-width, and intensity of the de- 
generate C—Cl stretch of chloroform (at 670 cm). 
He found no significant frequency or intensity changes. 
Tamres® obtained a correlation between the integral 
heat of solution of chloroform in various organic 
solvents and the frequency shift of the O—D stretch 
of methanol-d in these same solvents. Klemperer, 
Cronyn, Maki, and Pimentel’? have interpreted the 
infrared spectra of amides in chloroform and other 
solvents as evidence for a chloroform hydrogen bond 
to the carbonyl of the amide. It is the intent of this 


4 Hendricks, Wulf, Hilbert, and Liddel, J. Am. Chem. Soc. 58, 
1991 (1936). 

5D. A. Whiffen, Trans. Faraday Soc. 49, 878 (1953). 

6M. Tamres, J. Am. Chem. Soc. 74, 3375-8 (1952). 

7 Klemperer, Cronyn, Maki, and Pimentel, J. Am. Chem. Soc. 
76, 5846 (1954). 
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C-D STRETCH OF CHLOROFORM -d, 


work to investigate the solvent environmental in- 
fluence on the C—D stretch of chloroform-d. 


EXPERIMENTAL 


All spectra were obtained using a Perkin-Elmer Model 
21 Spectrophotometer with CaF, and/or NaCl optics. 
The cell temperature was found to be 32.54.2°C. The 
frequency calibration was checked against the known 
spectra of CO, HBr, COs, and H,0. The zero and total 
transmissions were checked periodically over the fre- 
quency range of interest to preclude any instrument 
drift. A sealed liquid cell of 0.0095-cm thickness (cali- 
brated by comparison to a cell of similar thickness 
known from optical interference patterns) and with 
NaCl windows was used. No evaporation of volatile 
solvents from the cell was noticed in periods as long as 
four hours. 

Chloroform-d was prepared by the reaction of an- 
hydrous chloral with 6N NaOD in D.O. The product 
was distilled and a fraction with boiling range 61.5- 
62.5°C was accepted. The resulting chloroform-d was 
analyzed with the aid of its infrared spectrum and 
found to contain, in addition to CDCl;, 24 percent 
CHCl;, and an impurity of unknown origin containing 
carbonyl (estimated concentration, less than 0.05 
molar). No attempt was made to purify the product 
further. Suitable corrections were made for the CHCI;/ 
CDCI; ratio in the intensity measurements. 

Acetone: Commercial solvent-grade acetone was 
distilled twice from anhydrous CaCl, in a thirty-plate, 
bubble-cap column and a center fraction boiling at 
56.0+0.1°C was chosen. 

Benzene: Merck cp benzene was redistilled from 
anhydrous CaCl, in the same multiplate column and a 
center fraction boiling at 81.1+0.1°C was chosen. 

Carbon tetrachloride: Baker’s Analyzed carbon tetra- 
chloride was redistilled from P.O; in a single-stage still. 

Mesitylene: Eastman Kodak White Label mesitylene 
was purified by distillation and successive recrystal- 
lizations. 

Nitrobenzene: Eastman Kodak White Label nitro- 
benzene was redistilled from anhydrous CaCl, in a 
single-stage still. 

Triethylamine: Eastman Kodak White Label trie- 
thylamine was refluxed and redistilled from KOH in 
the same multiplate column; a center fraction boiling 
at 89.5--0.5°C was chosen. 

In addition, all materials were examined for spurious 
infrared absorption with particular attention to the 
carbonyl and O—H stretching regions. 

All solutions were prepared quantitatively with 
Misco micropipettes to a total volume of not less than 
0.25 ml. By weighing experiments, it was found that the 
precision of delivery was +8 percent. For each solvent, 
at least two solutions were prepared and the spectrum 
of each was obtained. 

Solutions were prepared in the concentration range 
necessary for optimum measurements of intensity in a 
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TABLE I. Spectral characteristics of the C—D stretch 
of CDCI; in various solvents. 











Half- iters AH (sol'n)* 
Av width mole~! (cal/mole 
Solvent (cm!) (cm) cm~?) sol’n) 
Carbon tetrachloride 0 12 50 +20 
Chloroform-d 0 11 62 ss 
Benzene 5 11 310 —90 
Nitrobenzene” 4 13 300 —118 
Mesitylene 5 11 340 —216 
Acetone? 0 15 540 — 495 
N-ethylacetamide> 0 25 1700 a 
Triethylamine> 84 42 1800 ~— 12004 








® Equimolar mixture. 

b NaCl prism, otherwise CaF >. 

¢ Data not available. 

4d Estimated by comparison to other trialkylamines. 


0.0095-cm liquid cell. In no case did the concentration 
exceed 20 percent by volume and in some solvents 
the concentration was less than 10 percent by volume. 
The band intensities were determined by integration 
over a frequency range extending five times the half- 
width on each side of the band maximum. Small correc- 
tions were necessary because of solyent absorption. 
No attempt was made to extrapolate the apparent ab- 
sorption coefficient to infinite dilution. 

It is felt that the frequency shifts are reliable to 
within 3 cm for CaF» optics and to within 5 cm™ for 
NaCl optics. The intensities reported are reproducible 
to within 10 percent and are considered reliable to 
within 15 percent. 


RESULTS 


The observations are listed in Table I. The column 
labeled Av is given by vo—v’, where vo is the frequency 
of maximum absorption of the C—D stretch in pure 
liquid chloroform-d and y’ is the frequency of maximum 
absorption of the same band in the solvent listed. The 
value of vo was found to be 2258+-4 cm™. It is readily 
apparent from the data in Table I that there is no useful 
correlation between the quantitative frequency shift 
and the heat of solution. Studies by Badger*® indicate 
a correlation between the frequency shift of the O—H 
stretching mode and the energy of the hydrogen bond. 
Assuming the same relation,’ and an energy of inter- 
action between 2 and 4 kcal, a shift of about 50 to 
100 cm“ is expected for the C—D stretching in acetone 
solution. Thus the principal spectral evidence of hydro- 
gen bonding has failed, except in the case of triethyl- 
amine, to provide corroborativee vidence of hydrogen 
bonding involving chloroform. 

Another spectral property generally associated with 
the formation of a hydrogen bond is an increase in the 
half-width of the absorption ascribed to the stretching 
motion. Table I lists the half-widths observed for the 
C—D stretch in the several solvents. There is an 


8 R. M. Badger and S. H. Bauer, J. Chem. Phys. 5, 839 (1937); 
R. M. Badger, J. Chem. Phys. 8, 288 (1940). 
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Fic. 1. The absorption near 908 cm™ of CDC]; in triethylamine 
solution after correction for triethylamine absorption. (Concen- 
tration: 4 percent CDCI; by volume.) 


apparent trend among the stronger bases but none 


among the bases weaker than acetone. 

A third spectral characteristic which was studied is 
the apparent intensity of the absorption at 2258 cm™. 
The quantity B is defined B= (1/CL)S log(To/T)dv 
where C is the concentration in moles liter, Z is the 
cell thickness in centimeters, 7» is the incident light 
intensity, T is the transmitted light intensity, and p is 
the frequency in cm™. In Table I it is evident that 
there is not only a systematic correlation between B 
and the integral heat of solution, but also that the 
change in B is extremely large over the range of solvents 
studied. Such intensification has been previously ob- 
served in hydrogen bonding systems. For example, 
Williams and Plyler® observed qualitatively the intensi- 
fication of the O—H stretch of water in acetone solu- 
tions. Similarly, Badger and Bauer* have observed the 
intensification of the O—H stretch of alcohols upon 
forming dimers or higher polymers. 

The extreme changes observed in the intensity of the 
C—D stretching motion lead naturally to an investiga- 
tion of the intensity of the C—D bending motion at 
908 cm~!. The intensity of this band was studied in 
three solvents, carbon tetrachloride, benzene, and 
triethylamine. In benzene solution, no new absorption 
was observed near 908 cm and the apparent extinction 
coefficient of the 908 cm™ band itself was the same, 
within experimental error, as in carbon tetrachloride 
(about 4400 liters mole“ cm~’). In triethylamine a new 
band at 935 cm™ appears which is attributed to the 
hydrogen-bonded species. This band is shown in Fig. 1 
and it is seen to have somewhat greater intensity than 
the residual absorption at 908 cm™. In view of the 
difficulty of separating these two bands, the total area 


9D. Williams and E. K. Plyler, J. Chem. Phys. 4, 154 (1936). 


under the two bands was measured. The apparent 
extinction coefficient based on total area was again 
found to be the same within a few percent. The experi- 
mental uncertainty was higher, possibly 25 percent, 
because of interference by bands of triethylamine. 

With the simple interpretation that the intensity of 
the C—D bending motion reflects the magnitude of 
the C—D bond moment, it is necessary to conclude 
that the interaction between chloroform-d and these 
two solvents does not involve a large net movement of 
charge. It is inferred that the ionic character of the 
C—D bond of chloroform-d does not change by a large 
amount upon formation of this bond, considered to be of 
the hydrogen bond type. 

This apparent absence of increase in the bond moment 
of the C—D bond merely compounds the difficulty of 
explaining the large change of intensity of the C—D 
stretching motion. It is evident that any proposed 
theory of hydrogen bonding can be tested by checking 
the predicted infrared intensities. 


CONCLUSION 


The particularly large intensity changes reported 
here are interpreted to be analogous to those observed 
in O—H systems. In view of the observations of 
Whiffen® that the degenerate C—Cl stretching motion 
shows no intensity changes due to solvent interactions, 
the effects noted here are indicative of a strong and 
specific interaction of the C—D group. Despite the 
absence of a systematic frequency shift of the C—D 
stretch, it seems appropriate to conclude that this inter- 
action is analogous to hydrogen bonding. Hence it is 
concluded that the apparent intensity of the C—D 
stretching frequency is an extremely sensitive measure 
of the hydrogen (or deuterium) bonding of chloroform-d 
and it is expected that this will be true for chloroform 
also. The approximate constancy of the intensity of 
the C—D bending frequency of CDCl; indicates that 
the large intensity change of the stretch cannot readily 
be ascribed to an increase in the ionic character of the 
C—D bond. 

The impact of these observations upon the interpreta- 
tion of band intensities may be considerable. Environ- 
mental change of band intensities could be a phenom- 
enon of frequent occurrence, possibly particularly 
associated with solutions which differ from ideality. 
In any event, the use of chloroform as a solvent must 
be appraised with caution in quantitative infrared 
measurements. It is to be remembered that chloroform 
is a good solvent for many compounds because it does 
interact in the same specific way that presumably gives 
rise to the effects noted here. 
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Method of Integrating the Rate Equations for Free Radical Initiated Polymerizations 


Joun P. Howe* 
General Electric Research Laboratory, The Knolls, Schenectady, New York 


(Received February 12, 1954) 


A method is given for integrating the equations for the rate of polymerization reactions without the as- 
sumption of steady states for the concentrations of the various free radicals. The main reaction steps used 
are: free radical production, chain propagation, chain transfer, and chain termination. Explicit expressions 
are found for the total amount of polymer, the number average, and the weight average as a function of time 
for the particular case of free radicals produced initially by a pulse of light. Other modes of dependence on 


time for the primary free radicals may also be treated. 





INTRODUCTION 


HIS paper presents a method of integrating the 
equations for the rate of polymerization reactions 
initiated by free radicals. Since the method does not 
assume that free radicals attain a steady-state concen- 
tration, transient conditions may be analyzed. In 
particular, expressions for the time dependence of the 
total amount of polymer, the number average molecular 
weight and the weight average molecular weight are 
derived. For the special case of their production by a 
pulse of light or ionization, or for that matter for any 
means of establishing an initially determined number of 
free radicals without subsequent production of any 
primary radicals, and in the case that the monomer 
activity is constant, it proves to be simple to give ex- 
plicit expressions. In principle, any rate of production 
of primary free radicals may be treated. 

A reaction scheme similar to those discussed by other 
authors! is used. No experimental data are compared 
with the theory. Rather it is hoped that the analysis 
given will assist in widening the methods for determining 
rate constants for the various steps in polymerization 
reactions; for example, by measurements on systems 
after a pulse of light. 


THE REACTION SCHEME 


The following series of reactions is considered?: (1) 
free radical production ka; (2) chain propagation kp; 
(3) chain transfer with formation of a product molecule 
ki; (4) chain termination by combination k;-; (5) chain 
termination by disproportionation kya. 

The customary assumptions are made concerning 
the rate constants and rates of reaction. Free radicals 
result from the dissociation of an activated molecule A*, 
the concentration of which may in the general case vary 
in time. For this discussion the dissociation is con- 
sidered to be a first-order reaction. In addition the 


* Present address: Nuclear Engineering and Manufacturing, 
ae American Aviation, Inc., P.O. Box 309, Downey, Cali- 
ornia. 

‘For example: C. H. Bamford and M. J. S. Dewar, Proc. Roy. 
Soc. (London) A192, 309 (1948); H. W. Melville and G. M. 
Burnett, Proc. Roy. Soc. (London) A189, 456 (1947). 

*The notation used by Paul J. Flory, Principles of Polymer 
Chemistry (Cornell University Press, Ithaca, 1953), is followed 
partially, 


several zero-order free radicals are assumed to have 
identical properties. 


THE GENERAL METHOD 


In standard fashion, the rate expressions which are 
to be integrated may be written 


dRo 
—=nkaA*— (kpthir)MRo 
dt | 
+k.,M : R;- (Rictkea)Ro 4 R;, (1a) 
j=0 j=0 
dR, 
ad kp»MRy-1-— (Rpt+kir) MR, 
= (RictRra) Rg a R;, (1b) 
7-0 
dM x 
———— a (Ryt+kir)M s Rj, (1c) 
dt i=0 
dP 


q i) 
—=h,o/2  RiRe_ithiaRe X RitkiMR, (1d) 
dt i=0 i=0 


In these equations nk zA* gives the rate of production 
of free radicals by the primary initiating reactions, 
the » giving the number of radicals from A*. 

New equations for generating functions for the R,’s 
and P,’s are now obtained by multiplying the set of Eqs. 
(1b) and (1d) by a parameter x? respectively and sum- 
ming over q. Also the set (1b) is summed directly. It is 
convenient at this point to introduce a set of dimension- 
less variables and define the following quantities: 


y=Mo(Rictkra)l, 
M (x,y) = # Rx’, 
q=0 
Mos(y)=M oe (1,y)= dX Ro, 
q=0 
Mym=M, 


Mor=> Px’, 
q=0 
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M ?(Ricthra)g(y)=nkaA*, 
a(Rkratkic) =p, 
B(Reat Rec) = Rer, 
71(Reat Rec) = Ree, 
V2(keatRec) = Rea. 
The differential equations for the generating functions 


now are: 


dp 


ds : 

—=g—s*, 2b 
by g (2b) 
dm 

—=-—(a+f)ms, (2c) 
dy 

dr 71 

—=—¢"+y256+AmPd. (2d) 
dy 2 


From these new functions the concentration of a 
given species may be obtained. Thus 


Mo/9\? 
R-—(—) o| ; 
J! \ox ‘onl 


Myf0\? 
P-—(—) T ° 
ji \Ox ~— 


Quantities often determined experimentally are given 
by the expressions: 


So 





Total amount of polymer= >> P,=7(1,y)Mo. (3a) 





q=0 
Number average: 
DX qPo 
q=0 x Or 
(9)n= =-—| . (3b) 

0 w Ox 

LX Pa 

qa=0 z=1 





Weight average: 


C-) 0 Or 
LX PPo —(2—) 
a=0 Ox\ dx 
(Q)m= = . (3c) 
c) Or 
 gPy Key 
q=0 0 


x z=1 








The function g is determined by the special condi- 
tions attending the reaction, for example production of 
free radicals by (1) a pulse of light, (2) steady illumina- 
tion, (3) sector illumination, (4) thermal activation of a 
molecule, (5) by ionization in the track of a charged 
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particle, and conceivably in other ways. The first case 
will be treated fully in a following section and a pro- 
cedure for the second and third outlined. Cases 2 and 4 
are formally the same. 

Initial conditions for the equations although special 
for given conditions may be stated in reasonably 
general terms as follows: 


Ro 


0,0) =$(1,0) =s(0) =— 
(0,0) =$(1,0) =s(0) na 


0 
m(0)= 1, 1(0,0) =0. 


These conditions pertain to reactions in which no 
secondary free radicals or products are present at the 
start of the reaction. It is necessary to know the con- 
centration of primary free radicals at the start of time 
measurement. In cases 1, 2, and 3 this information is 
available if the usual photochemical constants have 
been determined. The assumption of steady state 
kinetics for A* so produced is warranted at least for 
most photochemical reactions. One may treat cases in 
which secondary radicals and products are already 
present provided he can go back to the point y=0 at 
which primary free radicals are first introduced to the 
monomer and integrate the equations to the point in 
question. In principle, the rate of production of primary 
free radicals may be changed arbitrarily at any time as 
the reaction proceeds. 

If, for a given g and appropriate initial conditions, 
the function @ can be expanded in a Taylor’s series 
around the point «=1, 

(x—1)? 





$= AgtAi(v—1)+-42—-+4, 


and substituted in Eq. (2d) a similar expansion for 
ma may be obtained. Thus 
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These coefficients, upon employing Eqs. (3a), (3b), and 
(3c), permit the experimentally observed quantities to 
be written as follows: 


m(1,y)=Bo, (4a) 
By 
Q)n=—, (4b) 
Bo 
By 
(q)m=1+—, (4c) 
By 


where, if the above boundary conditions are appropriate 
and m is constant as explained below, 


“TY 
Bo= J | (2+) 4e-redolay, (Sa) 
0 


y 
B, = J (A oA itBA i)dy’, (5b) 
0 


y 
By.= f (A oA otyiAd ?+ BA ody’. (5c) 
0 


Computation of the distribution function P(q) has 
not been attempted. Rather than the method of Bam- 
ford and Tompa? inversion of the sum (x) by contour 
integration would appear to offer a method for such a 
calculation. 

A simplification with respect to Eqs. (2a), (2c), and 
(2d) is possible in that m may be considered constant 
in interesting systems because (a) the fraction of mono- 
mer disappearing may be small, (b) its effective con- 
centration or activity may tend to stay constant even 
over an appreciable change in actual concentration,‘ 
and (c) the value of (a+) may be small as is the case in 
reference 3. 


PRODUCTION OF FREE RADICALS IN A PULSE 


If an initial concentration of primary radicals is 
produced at y=0O for example by a pulse of radiation, 
and no primary radicals are produced subsequently, 
then g=0 and ¢ may be determined from Eqs. (2a) and 
(2b) subject to the aforementioned initial conditions. 
Further, if m=1, explicit expressions may be obtained 
for the B’s from Eqs. (5a), (Sb), and (5c) and in turn 
used in Eqs. (4a), (4b), and (4c). The expressions for the 
B’s are: 


Bo=a (+1) [1—(1+ay)]+8 In(1+<ay), 


Bima In(L+-a3)—— (+a), 


(1958) H. Bamford and H. J. Tompa, J. Polymer Sci. 10, 345 
‘ Private discussion with Bruno Zimm, General Electric Re- 
search Laboratory, Schenectady, New York. 
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2a°a 


—, (1-+ay)~ (Bye~°¥+-e-Pu— 1) 


7 
—F(l-bay)H(1— 2 P+ *0)+8/a In(1+ay) 


efla 


+ (11—1)8—LEi[ — (8/a) (1+-ay) |— Ei(—B/a) J 


a 
er8la 5 


-e—| Bit (28/a)(1+ay) ]— Ei(— 28/0) . 
a 


The observables 7(1,y), (g)n and (g)m are plotted in 
Fig. 1 for purposes of illustration. 

An abbreviation Moa= R,’ has been introduced. For 
the case of a typical photochemical reaction for which 
ka gives the quanta absorbed per unit concentration of 
molecules A, J represents the flux of quanta, ky the 
constant for monomolecular deactivation of A*, ka is 
as previously defined, and At is an irradiation time short 
with respect to free radical lives but long compared to 
the life of A%*, 


nRak al At 
kathy 





Mya= 


If At is shorter than the half-life of A*, an unlikely 
circumstance, the denominator tends to two and the 
square of the time interval enters. If a second pulse of 
primary radicals, a is introduced at a value, ;, of the 
time variable, the boundary conditions given above are 
extended simply by noting that 


$(yi +0) =s(yi1—0)+a,=9(1, yi +0). 


DISCUSSION OF OTHER MODES OF PRODUCTION 
OF PRIMARY FREE RADICALS 


Free radicals may be produced at a constant rate 
photochemically or thermally. In this case g is constant, 
a may be zero thus s and ¢ may be determined and hence 
the coefficients Ao, Ai, and Az may be calculated. The 
coefficients Bo, B,, and Bz have not been determined, 
consequently, the incomplete analysis is not repeated 
here. 

Sector illumination is represented by a steady rate of 
primary radical production say, g; from 0 to y; another 
steady rate, go from ¥; to ye, gi from ye to ys and so on, 
where usually the alternate intervals are equal in length, 
but adjacent intervals may be unequal. It is clear how 
to determine ¢ within each interval and that the ¢’s 


5 The definition of the exponential integral used, Ei, is given in 
E. Jahnke and F. Emde, Tables of Functions (Dover Publications, 
New York, 1943). 
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for adjacent intervals should be joined. In turn the 
integrals for wr or its expansion coefficients will be 
broken up into a sum of integrals each over the respec- 
tive intervals. For short intervals, approximations to 
the necessary integrals may be used, however, the tract- 
ability of the summations which result has not been 
investigated. A method for the case wherein g is con- 
stant is suggested in the appendix. 

The author wishes to acknowledge helpful discus- 
sions with Dr. Bruno Zimm of the Chemistry Depart- 
ment, Research Laboratory, General Electric Company. 
Computations by Melba Nead and checking of equa- 
tions by R. Sehnert of the Nuclear Engineering and 
Manufacturing, North American Aviation, Inc., are 
also gratefully acknowledged. Thanks are due Serge 
Gratch for useful criticisms and suggestions. 


APPENDIX. SOLUTION WHEN g IS CONSTANT 
Equation (2b) being Ricattian may be rewritten 


du?/dy’= gu, 
where 
du/udy= 


If m is constant Eq. (2a) may be written in integral 
form for the interval 0 to y 


1du a(x—1) v du 
= — —4+—___¢ IB-alz—-)ly f —elB-a(z—Dlv'dy/, 
u dy u o dy’ 


From this equation the expansion around the point 
x=1 is simple. In any case for which the solution of the 
second-order differential equation is available this 
method is useful. 
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The irradiation of gaseous carbon dioxide with radon or in a nuclear reactor, produces about 0.1 percent 
decomposition of primarily dissociated carbon dioxide, correlating with previous results in the literature. 
The irradiation of solid carbon dioxide with radon produces carbon monoxide and oxygen with a G value 
of 9 to 10. The irradiation of gaseous carbon dioxide, containing a small amount of nitrogen dioxide, by 
radon or in a nuclear reactor, produced carbon monoxide and oxygen, with a G value of 9 to 10. Percentages 
as small as 0.5 percent of nitrogen dioxide are sufficient to stop the back reaction to carbon dioxide. A new 
mechanism has therefore been proposed for the ineffectual decomposition of carbon dioxide by ionizing radia- 
tion, and the effective decomposition when nitrogen dioxide is present. With the proposed mechanisms, the 
classical experiments of Lind, the carbon monoxide oxidation and the carbon monoxide decomposition, are 


quantitatively explained. 


INTRODUCTION 

ITH the development of modern reactor tech- 

nology radiation effects on carbon dioxide be- 
come of increasing interest, since the carbon dioxide is a 
favorable coolant and can be considered a moderator 
In the classical literature, Lind! and Hirschfelder and 
Taylor® have shown that carbon dioxide at room tem- 
perature is slightly decomposed by ionizing radiation 
(about 0.1 percent of the expected decomposition). We 
have confirmed these results experimentally. The 
mechanism, in part, proposed by Hirschfelder and 
Taylor to describe the ineffectual decomposition, is: 


CO+0;= CO2+02+ 103 kcal. (1) 


* Based in part on a thesis by S. Dondes in partial fulfillment for 
the requirements for the degree of doctor of philosophy at 
Rensselaer Polytechnic Institute. 

t This work was supported by the U. S. Atomic Energy Com- 
mission under Contract At(30-3)32. 

1S. C. Lind and D. C. Bardwell, J. Am. Chem. Soc. 47, 2675 
(1925); E. E. Wourtzel, Le Radium 11, 346 (1919). 
sj. fc. Hirschfelder and H. S. Taylor, J. Chem. Phys. 6, 783 

1938 


Our experimental investigation on reaction (1) indi- 
cate that this reaction has a heat of activation of over 
28 kcal.* Therefore reaction (1) would proceed very 
slowly at room temperature and cannot be responsible 
for the reformation of carbon dioxide. 

In another group of experiments, decomposition of 
carbon dioxide into carbon monoxide and oxygen was 
achieved by introduction of a small amount of nitrogen 
dioxide. The nitrogen dioxide acts as an inhibitor of 
recombination of radicals and atoms (produced during 
irradiation) to form carbon dioxide. The results ob- 
tained led to formulation of new mechanisms for the 
ineffectual decomposition of pure carbon dioxide and 
for the effectual decomposition when nitrogen dioxide 
was present. These mechanisms may also explain some 
of the discrepancies of the photochemical decomposition 
of carbon dioxide in the literature. 


3 To be published and similar to the work of Garvin, J. Am 
Chem. Soc. 76, 1523 (1954). 
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DECOMPOSITION OF CO, 


EXPERIMENTAL 


A. Utilizing Radon as the Source of 
Ionizing Radiation 


1. Reagents 


Carbon dioxide and nitrogen dioxide, purchased from 
the Matheson Company were purified by fractional 
distillation at low temperatures. A radium carbonate 
source (100 mg) was supplied by the U. S. Atomic 
Energy Commission and specifically manufactured for 
us according to the method of Hahn and Heidenhain.* 


2. Equipment 


a. Chemical.—The system for use with radon as the 
ionizing source is shown in Fig. 1. For work at room 
temperature, the ionization chamber was used also as a 
reaction chamber and an analytical vessel. A Pirani 
gauge, manufactured by the Consolidated Vacuum 
Company was used to measure the pressures. 

For work at higher temperatures, a double-walled 
Pyrex reaction vessel was used. The gases in the inner 
flask were heated by boiling water or o-dichlorobenzene 
in the outer jacket. Two small traps, one for condensa- 
tion of carbon dioxide, nitrogen dioxide, and radon, and 
the other for condensation of carbon monoxide and 
oxygen on silica gel at 77°K, were attached to the reac- 
tion vessel. The inner vessel containing the gases had a 
small condenser at its uppermost section to keep the 
ground glass joint and its grease cold. 

b. Electrical—Saturation current measurements were 
made using a model 3417 galvanometer and its asso- 
ciated model 1290 Ayrton shunt, products of the 
Rubicon Company. The high voltage for the ionization 
chamber was provided by a Nuclear Instrument and 
Chemical Company model 1090A power supply. 


3. Reaction 


For room temperature operation, the experiments 
were conducted as follows: (a) purified carbon dioxide 
was condensed at 77°K into the ionization chamber; 
(b) purified radon was condensed into the ionization 
chamber; (c) the radon and carbon dioxide were per- 
mitted to expand and react; (d) at predetermined time 
intervals, the gases were again condensed at 77°K 
and the pressure of the noncondensibles measured. 
When nitrogen dioxide was introduced, a known amount 
was added to the condensed carbon dioxide and radon, 
and the gases were permitted to expand. 

When operating at higher temperatures, i.e., at 
100° and 180°C, the gases were similarly condensed 
into the large reaction vessel, permitted to expand and 
react, and analyzed according to the procedure de- 
scribed below. 


us m) Hahn and J. Heidenhain, Ber. deut. chem. Ges. 59, 291 
26). 


BY IONIZING RADIATION 


|__PIRANI 
GUAGE 


To 
RADON 
TO VACUUM SOURCE 
PLATINUM VESSEL 


ALPHATRON 
GUAGE 





ANALYSIS 


SPECTRUM SYSTEM 


TUBE 
REACTION 
VESSEL 


Fic. 1. Modified radon assembly. 


4. Analysis 


For room temperature irradiation of carbon dioxide 
by radon, the analysis consisted of condensing the 
carbon dioxide plus radon at 77°K and measuring the 
noncondensibles with a Pirani gauge. Almost no carbon 
and oxygen was absorbed by the carbon dioxide crystals. 

At higher temperatures, the analysis system con- 
sisted of a small 50-cc bulb containing a No. 40 platinum 
wire, a “U” tube, and a silica gel trap with stopcock. 
An alphatron gauge, capable of measuring from 0.1 
microns to 1000 millimeters with a 2 percent error, was 
attached to this system. A spectrum tube was also 
included for gas identification. The analysis method 
involved : (a) condensing the carbon dioxide, radon, and 
nitrogen dioxide (if used) in the large reaction vessel 
at 77°K; (b) absorbing the uncondensed gases on the 
silica gel in the analysis system at 77°K; (c) releasing 
the gases from the silica gel by removal of the liquid 
nitrogen bath; (d) measuring the pressure of the gases 
released ; (e) combining these gases under the influence 
of a glowing platinum wire and condensing the products 
formed in the “U” tube at 77°K. By this method, one 
part of carbon monoxide in one-hundred thousand of 
carbon dioxide could be readily detected. 


B. Utilizing a Nuclear Reactor as the Source 
of Ionizing Radiation 


1. Reagents 


The nitrogen dioxide and carbon dioxide were both 
fractionally distilled prior to the filling process. The 
gases were condensed in the quartz reaction vessel 
(Fig. 2), at 77°K and the vessel sealed. 


2. Surface Area 


In one group of experiments, the exposed surface 
area, in contact with the gases, was increased about 100 
times by the addition of about two grams of clean 
quartz wool to the reaction vessel. 


3. Equipment 


Figure 2 shows a typical quartz vessel such as in 
these experiments. They were manufactured by the 
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Fic. 2. Reactor vessel. 


Amersil Company of New Jersey. The seal was broken 
after irradiation with an iron plunger by the usual 
magnet techniques. 


4. Reaction 


In a typical experiment the quartz vessel was evacu- 
ated to 0.5 micron (alphatron gauge measurement to 
include mercury vapor) and about } of an atmosphere 
of pure carbon dioxide was added. When nitrogen 
dioxide was used, 0.1, 0.5, and 2 percent quantities 
were introduced together with ? of an atmosphere of 
carbon dioxide. When pure nitrogen dioxide was ir- 
radiated, ? of an atmosphere was utilized. As a control, 
a blank vessel was sealed under the same set of 
conditions. 

Upon completion of the filling process, the vessels 
were brought to the Brookhaven National Laboratories, 
wrapped in pure aluminum foil, and placed [six at a 
time in a three-foot aluminum (2S, >99 percent purity) ] 
for simultaneous irradiation. The aluminum tube was 
placed in an experimental hole in the pile, parallel to the 
fuel, and irradiated for a period extending from 7 to 10 
days. Upon the removal of the aluminum tube from the 
pile, it was placed in a lead tunnel and permitted to 
“cool.” About seven to fourteen days later, when the 
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Fic. 3. Analysis system. 


DONDES 


radiation intensity was low enough for handling, the 
quartz vessels were removed from the aluminum tube, 
placed in lead containers and returned to Rensselear 
Polytechnic Institute for analysis. 


5. Analysis 


The analysis system (Fig. 3) is similar to the type 
used in the radon work. The quartz vessel was attached 
to this evacuated system and immersed in a liquid 
nitrogen bath. The seal was then broken and the pres- 
sure of the gases noncondensible at 77°K was measured. 
The noncondensible gases (i.e., carbon monoxide and 
oxygen) were combined under the influence of a glowing 
platinum wire and the carbon dioxide was condensed. 
The residual pressure was then measured and the emis- 
sion spectrum of the residual gas identified. Upon com- 
pletion of this portion of the analysis, the vessels were 
evacuated of all gases, to less than a micron, and 
strongly heated. The material evolved was then simi- 
larly analyzed. 


6. Neutron Flux and Pile Temperature 


The neutron flux in the experimental hole, was about 
3.310" neutrons per cm? per second, and the tem- 
perature about 140°C. The epi-cadmium neutrons were 
approximately 3 percent of the total neutron flux.® 


7. Relative Intensities of the Absorbed Energy 


In the reactor, the following particles and radiations 
are present for interaction with carbon dioxide: (a) 
“thermal” neutrons; (b) “fast” neutrons; (c) beta 
particles; (d) gamma rays. The “thermal” neutrons 
have almost no effect on the decomposition of carbon 
dioxide, since the capture cross section is very small for 
oxygen and carbon. Of the “‘fast”’ neutrons, (3 percent 
of the total flux), only a third would have energies of 
10‘ electron volts or more. The beta particles derived 
from the fission fragments and the aluminum wrappings, 
would probably not penetrate the thick quartz wall. 
However, the beta particles derived from the silicon in 
the quartz would add to the ionizing radiation, but this 
is small compared to the total intensity (about 5 per- 
cent). The dominant contribution toe the dissociation 
of the carbon dioxide thus is due to the gamma rays, 
primarily derived from the fission process, fission frag- 
ments, and thermal neutron absorption by materials 
within the pile. 


RESULTS 
A. Radon and Carbon Dioxide 


The work of Lind! shows that the interaction of 
radon with carbon dioxide produces but a small de- 
composition of carbon dioxide. Since radon and carbon 
dioxide have little or no vapor pressure at 77°K, any 


5 Values obtained are from pile personnel and our own measure- 
ments. 
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DECOMPOSITION OF CO, 


decomposition involving the formation of carbon mon- 
oxide and oxygen (not condensible at this temperature) 
could readily be measured. From Fig. 4, the yield of 
carbon monoxide and oxygen during the initial hours 
of the irradiation was 10 microns per hour. Actually the 
yield is much smaller since a slight production of carbon 
monoxide and oxygen occurs in the irradiation of con- 
densed carbon dioxide during the mensuration period. 
Thus, in another group of experiments, when solid 
carbon dioxide was irradiated for a longer period than 
used in mensuration, the apparent yield was about 3 to 
3.5 molecules of carbon dioxide decomposed per each 
ion pair, a G value of 9 to 10. The typical blue color of 
ozone, readily observable if formed in stoichiometric 
ratio during the decomposition of solid carbon dioxide 
at 77°K, was not found. 


B. Radon, Carbon Dioxide, and Nitrogen Dioxide 
The effect of using nitrogen dioxide as an inhibitor 
(3.8 and 6.3 percent nitrogen dioxide) is shown in Fig. 5. 
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Fic. 4. Formation of COz+O2 (27°C) from Rn+COz in 380 cc. 
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Note that increasing the concentration of the inhibitor 
did not radically change the production of carbon 
monoxide and oxygen. This fact was further verified in 
the pile irradiation experiments. 


C. Higher Temperatures 


The irradiation of pure carbon dioxide utilizing a 
small amount of radon at 100°C produced results 
similar to those obtained at room temperature. Figure 6 
indicates the effect of increase in percentage of nitrogen 
dioxide in the system on production of carbon monoxide 
and oxygen. Increase in concentration of inhibitor does 
not radically change the production of carbon monoxide 
and oxygen. The indicated yield was approximately 
3.340.2 molecules of carbon dioxide decomposed per 
ion pair, a G value of 10. 


D. Pile Irradiation 


Table I summarizes the results of the pile irradiation 
experiments. The blank vessel indicated 7 microns of 


BY IONIZING RADIATION 
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Fic. 5. Formation CO+O, from Rn+CO.+NOz (27°C). 


gaseous materials, reflecting the purity of the quartz 
vessels. In the case of pure carbon dioxide, pile irradia- 
tion yielded results similar to those obtained by Lind! 
and ourselves utilizing radon. When nitrogen dioxide 
was added as an inhibitor, approximately 0.5 percent 
was sufficient to stop the back reaction to carbon di- 
oxide. From Fig. 7 addition of nitrogen dioxide in 
concentrations greater than 0.5 percent did not ma- 
terially increase the decomposition. As an example of 
the purity of the carbon monoxide and oxygen obtained, 
the recombination of the mixture under the influence of 
a glowing platinum wire reached over 99.4 percent. 
Decomposition of nitrogen dioxide alone yielded ni- 
trogen, oxygen, and nitrous oxide. On strong heating 
of the quartz vessels after evacuation of all the gases, 
polymerization products were found in the case of pure 
carbon dioxide and none in the case where nitrogen 
dioxide was used. Increase of surface area by a factor of 
approximately 100 produced no notable radical effect. 
Thus surface catalysis plays no major part in the forma- 
tion of carbon monoxide and oxygen when nitrogen 
dioxide is present. The exact explanation of this surface 
phenomena is extremely complex and omitted here since 
it is not of major importance. However, it should be 
noted from Table I that on irradiation of pure carbon 
dioxide, oxygen was found when no quartz wool was 
present, whereas only carbon monoxide was found 
when the wool was present. With nitrogen dioxide alone, 
much nitrous oxide was found in addition to some 
nitrogen when no quartz wool was used, whereas, when 
quartz wool was used, only a smaller amount of gas was 
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TABLE I. Pile irradiation (at 140°C). 








Yields as pressure (mm) 





Material irradiated Sample 
Blank 0 
Nitrogen dioxide 1 
2 
3 
1 
2 
3 
Carbon dioxide 4 
5 
4 


Carbon dioxide plus (%) nitrogen dioxide 


6(0.1 percent) 29.6 


7X 10- noncondensibles in liquid nitrogen 


26.6 
26.75 as oxygen plus nitrogen 
y LR 


16.1 
12.3 as nitrous oxide 
11.0 


0.125 as oxygen 
0.129 


0.113 as carbon monoxide from polymerized products 
0.113 


as carbon monoxide and oxygen 


7(0.5 percent) 61.4 
8(2 percent) 66.8 


(Quartz wool added) 


Carbon dioxide 9 
9 


Carbon dioxide plus 2 percent nitrogen dioxide 10 


Nitrogen dioxide 11 
11 


8.2. as carbon monoxide (no O2) 
4.7. as carbon monoxide from polymerized product 


79.5. as carbon monoxide and oxygen 


| as nitrogen and oxygen 
21.8 as nitrous oxide 








obtained (predominantly nitrogen and nitrous oxide). In 
either case, the oxygen was used up when quartz wool 
was present. At present we do not know the mechanism 
of oxygen consumption; however, it seems not to be 
attributable to the oxidation of possible organic con- 
taminants on the quartz wool. 


DISCUSSION 
A. Mechanism of Decomposition of Carbon 
Dioxide 


Since the back reaction of carbon monoxide and 
oxygen proceeds almost quantitatively during the ir- 
radiation, a chain type reaction is presupposed. Upon 
heating the quartz vessels, after the removal of the 
carbon dioxide, we obtained carbon monoxide from the 
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decomposition of the carbon suboxide polymer, (C302) », 
one of the products formed in the irradiation of carbon 
dioxide by radon.! The layer of the polymer on the 
surface of ‘the quartz was so thin as to be invisible. 

The mechanism in Table II, treating only the chemi- 
cal aspects, seems to explain the principle features of 
the reaction.* This scheme fulfills all the requirements 
indicated. It has the characteristics of a chain reaction 
which is initiated as soon as a small amount of carbon 
monoxide and carbon atoms are present; ensuant 
formation of C.0, C302, (and O;) thus becomes possible. 
The C.O molecules in reactions (6), (6a), and (6b) act 
as a catalyzer for the reaction of carbon monoxide with 
oxygen atoms or ozone. The products C:O0 and C;0: 
diffuse partly to the walls and form polymerization 
products. Thus, a surplus of oxygen should remain 
in the vessel on irradiation; this result was found 
experimentally. 

The mechanism also indicates that, if carbon dioxide 
becomes photochemically dissociated into carbon mon- 
oxide and oxygen atoms, there will be almost no back 
reaction.” However, if the carbon monoxide produced 
photochemically also becomes dissociated into carbon 
and oxygen atoms, then a catalyzed back reaction may 
take place according to reactions (3) to (7).§ Reaction 
(7) is known to be hindered by a small heat of activa- 


6 Hirschfelder and Taylor (see reference 2) and our experi- 
mentation indicate that ions are not responsible for the catalytic 
back reaction. The theoretical aspects of molecular excitation, 
dissociation, and the behavior of ions, will be published upon 
conclusion of experimentation in process. 

7 W. Groth, Z. physik. Chem. B37, 307 (1937). 

8 Watson, Vanpee, and Lind, J. Phys. & Colloid Chem. 54 
391 (1950). 





tion, 
no he 
photc 
and o 
oxyge 
almos 
For 
Lind | 
dioxic 
agree! 
found 
were 
about 
mono: 
dissoc 
and o 
molec 
dissoc 
lated | 


From 

monox 
cule | 
carbon 


(3), (4 





CO. = 


CO+C- 
C,0+C 
02.+0+ 
C;02+C 
C;02+C 
CO+0- 








® The \ 
approxim 
‘Itisd 
oxygen at 





°B. Li 
of Gases 

10 The 
activatio 
forthcom 

11 See ¢ 
and Ascl 


) ny 
on 
the 


of 
nts 
ion 
on 
ant 
yle. 
act 
ith 
sO2 
ion 
ain 


ind 


ide 
on- 
ack 
ced 
on 
1ay 
ion 
va- 


yeri- 
ytic 
ion, 
pon 





DECOMPOSITION OF CO, 


tion, about 2 kcal,® as compared with (5), which has 
no heat of activation. Therefore, carbon dioxide, if 
photochemically dissociated only into carbon monoxide 
and oxygen atoms, should form carbon monoxide and 
oxygen (and ozone) with a quantum efficiency of 
almost one." 

For the decomposition of carbon monoxide alone, 
Lind and co-workers” have found the products; carbon 
dioxide, carbon suboxide polymers, and carbon, in 
agreement with the mechanism indicated. They also 
found, that about 3 molecules of carbon monoxide 
were chemically decomposed per ion pair, G value 
about 9. With the energy required per ion pair in carbon 
monoxide being about 35 electron volts, and with the 
dissociation energy of carbon monoxide into carbon 
and oxygen atoms being 11.11 electron volts,"* three 
molecules of carbon monoxide could not be primarily 
dissociated. Their yield can be explained and corre- 
lated by the similar mechanisms: 


CO— C+0, (2c) 
C+CO+M=C.0+M, (3) 
C,0+CO+M=C;0.+M, (4) 
C;02.+0=C,0+COsz, (6b) 
C —~* graphite, (8a) 


C0, C;02— polymerization products. (8b) 


wall 
From this mechanism, further consumption of carbon 
monoxide is required for each carbon monoxide mole- 
cule primarily dissociated. Thus, three additional 
carbon monoxide molecules are consumed by reactions 
(3), (4), and (6b), or one, by reactions (6b) and (8a). 


TABLE II. 








Coefficients of rates 
of reactions 
(particles per cm’) 


Heat of 
activation® 
(lower limit) 





CO. > (a) CO+0 (2a) 
(b) C+O0+0 (2b) 
CO+C+M=C,0+M 2 kcal k3=5X10-% = (3) 
C.0+CO+M=C;02+M 2 kcal kg=5X107% = (4) 
0.+0+M=0;+M 0 kcal ks=5X10-* = =(5) 
C;0.+0;= CO2+02+C,0» 3 kcal kea= 1073 (6a) 
C;0.+0=CO2+C,0° 3 kcal kep= 107 (6b) 
CO+0+M=C0O.+M 2 kcal ki=5X10-% = (7) 








*The values used in reactions (5) and (7) are known; the others are 
approximated from our results. 

> It is difficult to perceive whether C2O or C30: reacts with ozone or with 
oxygen atoms. 


* B. Lewis and G. von Elbe, Combustion, Flames and Explosions 
of Gases (Academic Press, Inc., New York, 1951). 

The question of whether a steric factor or a small heat of 
activation is involved in reaction (7) will be discussed shortly in a 
forthcoming publication. 

See also the discussion of this problem in the paper of Zelikoff 
and Aschenbrand, J. Chem. Phys. 22, 1680 (1954). 

2S. C. Lind, The Chemical Effects of Alpha Particles and Elec- 
trons (Reinhold Publishing Corporation, New York, 1928). 

A. G. Gaydon, Dissociation Energies (Dover Publications, 
New York, 1950). 
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TABLE III. 

Reaction Heat of activation 
CO:z =) CO.*+e; 14.4 ev 
CO, — (a) CO+0; 5.57 ev (2a) 

(b) C+0+0; 15.00 to (2b) 

16.68 ev 
NO.+0=NO+0, 2 to 4 kcal (9) 
NO.+C=NO+CO about 5 kcal tit} 
2NO+02=2NOz negative temperature 11) 

coefficient 








8 From the heats of dissociation and the ionization energy, more than one 
molecule of carbon dioxide should be dissociated per ion pair for reaction 
(2a), and less than one for (2b). 


If about one (0.8 to 1.5) molecule of carbon monoxide 
is primarily dissociated per ion pair," and for one 
primarily dissociated carbon monoxide molecule, one 
or three molecules of carbon monoxide are consumed 
in additional reactions, the results obtained by Lind of 
3 molecules of carbon monoxide decomposed per ion 
pair, are readily explained. This result can be further 
correlated with Lind’s work on the effect of radon on a 
mixture of carbon monoxide and oxygen.” 

The effects of radon on condensed: carbon dioxide 
with or without the inhibitor were also interesting. The 
products produced in both cases were similar to those 
obtained using one percent nitrogen dioxide in the gas 
phase irradiation at high temperature. From the above 
mechanism, only reactions (2a) and (2b) proceed, 
without occurrence of ensuant reactions (3) to (6b). 
Reaction (7) may be suppressed by steric hindrance and 
a small heat of activation. Therefore, the oxygen atoms 
recombine among themselves to form oxygen molecules 
or with the carbon atoms to form carbon monoxide. 
Thus, almost the total amount of previously decom- 
posed carbon dioxide will remain as carbon monoxide 
and oxygen. A slight amount of condensation product, 
carbon suboxides was also found. Thus, in the condensed 
phase at 77°K, about 3 to 3.5 molecules of carbon 
dioxide became decomposed per 34 electron volts, a G 
value of 9 to 10. 


B. Mechanism when Nitrogen Dioxide is 
Used as Inhibitor 


In utilizing nitrogen dioxide to prevent reforming of 
carbon dioxide from radicals and atoms, the mechanism 
in Table III, which treats only the chemical aspects 
seems to explain the reaction. 

Physico-chemical analysis for the products were 
made approximately two weeks after the samples were 
removed from the pile, indicating that.the gases could 
remain together at room temperatures for long periods 
without recombining. This result is normal for a mixture 
of carbon monoxide, oxygen, carbon dioxide, and nitro- 
gen dioxide and seems to be in agreement with the 
mechanism shown. Another indication, that of heating 


4 Note that primarily produced excited molecules can con- 
tribute to primary decomposition. 
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the quartz vessels after the evacuation of all gases, 
failed to show the presence of carbon suboxide polymers 
on the walls of the vessel. All pile experiments were con- 
ducted at about 140°C." 

After we used nitrogen dioxide as an inhibitor, the 
kinetics of the nitrogen dioxide decomposition were 
investigated. The work is the subject of another paper.!® 

The heat of formation of carbon dioxide from carbon 
monoxide and oxygen is 2.9 ev. With about 34 ev of 
energy consumed per ion pair, the limiting M/N values 
at 140°C lie between three irreversible decomposed 
molecules for one ion pair (25 percent of the expended 
energy transformed into chemical energy) and 3.5 
decomposed carbon dioxide molecules (30 percent) as- 
suming a homogeneous reactor. A more exact evalua- 
tion of the number of molecules decomposed per ion 
pair is presently being undertaken. It seems to the 
authors that at the present time this is the largest 
transformation of radiation energy into chemical 
energy known. 


C. Contributions of Various Ionizing Radiations 
in the BNL Pile to Chemical Effects 


The distribution of fission energy in the pile is!’: (a) 
kinetic energy of fission fragments—162 Mev; (b) beta 
energy—5 Mev; (c) gamma decay energy—5 Mev; 
(d) neutrino energy—11 Mev; (e) energy of fission 
neutrons—6 Mev; (f) instantaneous gamma-ray energy 
—6 Mev. Further gamma energy is derived from the 
capture of neutrons by all substances within the pile. 
Of these, in our experimental arrangement, the gamma 
radiations are predominantly responsible for the ioniza- 
tion and decomposition of the carbon dioxide (see page 
904). Other contributors include the “‘fast’”’ neutrons, 
which by their elastic collision with carbon dioxide 
molecules may contribute 10 percent to the ionizing 
radiation, and beta particles derived from thermal 


15 The effect of the nitrogen dioxide inhibitor in quantitative 
removal of the oxygen atoms and carbon atoms should not be 
temperature, intensity, or concentration dependent. This inde- 
pendence was proved in the pile experiments where more than 
0.5 percent nitrogen dioxide was present at a temperature of 
140°C. However, at room temperature, the effect of nitrogen 
dioxide is more complex since reaction (10) seems to have a reason- 
able heat of activation, causing the formation of carbon suboxides 
and lowering the amount of carbon monoxide and oxygen formed 
per ion pair. The latter information is from a private communica- 
tion of A. J. Hogan, Renssalear Polytechnic Institute. 

16 P. Harteck and S. Dondes, J. Chem. Phys. 22, 953 (1954). 

17$. Glasstone and W. C. Edlund, The Elements of Nuclear 
Reactor Theory (D. Van Nostrand Company, Inc., New York, 
1952). 


DONDES 


neutron bombardment of the quartz (Si-30), which 
may contribute a small percentage. 

The Brookhaven National Laboratory reactor con- 
sists of 60 tons of uranium metal and 700 tons of 
graphite.'* It operated at 24 megawatts of power during 
our experiment. The amount of gamma energy absorbed 
in the pile by one mole of carbon dioxide is (assuming 
10 percent of the total energy developed in the pile is 
gamma energy) 


mass CO, energy of reactor gamma radiation 
44 &X 24X 10° x 10X 10-7 





760X 10° 
mass of the reactor 


= 13.8X10-? watt/sec/mole COs. 


Therefore, the following percentage of the carbon 
dioxide should be decomposed in 6.7X10° seconds, 
(duration of the experiment) assuming 3 molecules of 
carbon dioxide decomposed per ion pair: 


No. of molecules 





dissociated/ion 
watt/sec/mole CO, seconds pair 
13.8X10- XX 6.7 X10°X 3 
34. X 0.964 10° 
volts per coulombs per 
ion pair Faraday 


= 8.5 percent decomposed. 


Experimentally, 8.1 percent was found. This result is 
in fair agreement with our value of 3 carbon dioxide 
molecules decomposed per ion pair. 

Thus, from the power output and the mass of the 
pile, together with the mass of the sample, it seems 
possible to reasonably compute the radiation intensity 
absorbed by the sample without further dosimetry. 

This work is being continued. 
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18 J. A. Lane, Nucleonics 12, 4, 12 (1954). 
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The kinetics of the decomposition of gaseous propiony] and butyryl peroxides was studied in a flow system. 
It was found that both compounds decompose in a unimolecular manner. The rate constant for the decom- 
position of propiony] peroxide is given by the equation 


k=2.5-10"*-exp(—30 000/RT), 


and that for butyryl peroxide by the equation 


k=1.9-10"-exp(—29 600/RT). 


It is concluded that 


D(C:H;-CO-O—0-CO-C:H;s)™D(C;H;-CO:0—O- CO: C;H;)=30- kcal/mole. 


The fates of the ethyl and propyl radicals produced in the decomposition are discussed. 





HILE acetyl peroxide is a notoriously explosive 

compound, its homologues like propionyl or 
butyryl peroxide appear to be relatively stable sub- 
stances. Since the thermal decomposition of all these 
peroxides is initiated by the O—O bond breaking 
reaction 


R-CO-0-0-CO-R-2R:-COs:, 


one might conclude that the O—O bond dissociation 
energies in propionyl and butyryl peroxides are higher 
than that in acetyl peroxide. The latter bond dissocia- 
tion energy has been determined recently! at 29.5 
kcal/mole. It was decided, therefore, to extend this work 
and to determine D(C2H;-CO-O—O-CO-C2H;) and 
D(C3;H;-CO-O—O-CO-C;H;) in order to prove or 
disprove the above assertion. 

The results, reported below in this paper, show that 
within experimental error D(CH;-CO-O—O-CO-CHs) 
= D(C;H;-CO-O—O-CO-C:H;) = D(C3;H;-CO-O—O- 
CO-C3H;). Furthermore, it is found that the rate of 
decomposition of gaseous propionyl peroxide is the 
same as that of acetyl peroxide while the decomposition 
of gaseous butyryl peroxide actually proceeds at a 
slightly higher rate than the decompositions of the 
former peroxides. Hence, the explosive character of 
crystalline acetyl peroxide should probably be at- 
tributed to the efficiency of the chain reaction initiated 
by the primary dissociation process, rather than to a 
lower O—O dissociation energy. 


EXPERIMENTAL 


Propiony] and butyryl peroxides were prepared by the 
method described previously! for the preparation of 
acetyl peroxide, starting with propionic anhydride and 
butyric anhydride respectively. Since these peroxides 
could not be crystalized from ether solutions, even at 
—80°C, they were purified by distillation at room 
temperature in high vacuum. The finally purified com- 
pounds crystallized easily when cooled to —80°C, and 


(1954) Rembaum and M. Szwarc, J. Am. Chem. Soc. 76, 5975 
4). 


by titration of weighed samples they were found to be 
at least 99 percent pure. 

The kinetic studies were carried out in an apparatus 
shown in Fig. 1. One or two cc of a 0.3M solution of the 
peroxide in toluene were pipetted into tube U. The 
solution was then frozen by surrounding tube U with a 
liquid-air bath, and the apparatus was evacuated to a 
pressure lower than 10~‘ mm Hg. After evacuation the 
liquid-air bath was replaced by a water bath kept at a 
constant temperature, and simultaneously the stopcock 
1 was opened. By choosing different temperatures of 
the water bath,* it was possible to vary at will the 
partial pressure of the peroxide in the reaction vessel. 

The experiment was initiated by opening stopcock 1. 
By this operation flask H, containing previously de- 
aerated toluene or benzene, was connected with the 
pumping system and the carrier gas (i.e., toluene or 
benzene vapor) began to flow through the apparatus. 
The flow was continued until the solution in tube U 
had completely evaporated. 

The peroxide vapor, picked up by the carrier gas, 
flowed through the reaction vessel maintained at a 
temperature constant within +0.1°C. The variation of 
temperature along the reaction vessel was not greater 
than +0.75°C, and a special correction was introduced 
to take care of this nonhomogeneous temperature distri- 
bution. The temperature was measured to an accuracy 
better than 0.1°C by means of a thermocouple and a 
potentiometer. The reading of the latter was standard- 
ized with the help of a precision thermometer cali- 
brated by the National Bureau of Standards. 

The vapor of the undecomposed peroxide and of the 
carrier gas was condensed in trap 7), cooled to — 80°C, 
while the gaseous products of the decomposition were 
pumped into a storage volume by means of two mercury 
vapor pumps (I and II). The rate of decomposition 
was measured by the rate of formation of carbon dioxide, 
2 moles of which are formed for each mole of peroxide 

* The temperature of the water bath was never higher than 


40°C in order to prevent the decomposition of the solution during 
the evaporation process. 
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Fic. 1. The O—O bond dissociation energies in propionyl and butyryl peroxides. 


decomposed. This stoichiometric relation was proved 
for each peroxide, by carrying the decomposition of a 
known amount of the compound to completion and 
determining the amount of carbon dioxide formed. 
Typical results of such experiments are given in Table I. 
To obtain further confirmation for this relationship, 
the percentage of decomposition was determined by 
titrating the amount of the undecomposed peroxide 
collected in trap 7). This result was then compared with 
the value obtained on the basis of the amount of 
carbon dioxide produced. The relevant data are listed in 
Table II. 


RESULTS 


The decomposition of propionyl and butyryl per- 
oxide was studied over the temperature range 130° 
250°C. It was shown that butane and carbon dioxide 
are the products of decomposition of propiony] peroxide, 














TABLE I. 
Peroxide CO: CO: 
introduced collected 
Compound fe millimoles _millimoles peroxide 
Propionyl peroxide 241 0.136 0.280 2.06 
Propiony] peroxide 253 0.136 0.278 2.04 
Butyryl peroxide 235 0.142 0.286 2.02 








and that hexanef and carbon dioxide are the main 
products of decomposition of butyryl peroxide. Analysis 
of the gases condensable at liquid-air temperature, 
showed that the decomposition of propionyl peroxide 
yields a mixture containing 66-70 percentt of carbon 
dioxide, while the decomposition of butyryl peroxides 
yields a mixture containing about 90 percent of carbon 
dioxide. The condensable gases collected in the pyrolysis 
of propionyl peroxide, after being freed from COs, were 
analyzed by means of a mass-spectrograph and their 
composition was found as follows: C2.H,—8.4 percent, 
C,He—8.6 percent, n-C,4Hio—80.9 percent. It follows 
from this observation that about 90 percent of ethyl 
radicals, produced by the decarboxylation of C2H;-CO: 
radicals§ dimerise, the remaining 10 percent undergoing 
disproportionation. On the other hand, since hexane 
produced in the pyrolysis of butyryl peroxide is con- 
densed completely in trap 71, the condensable gas 
should contain carbon dioxide only if no dispropor- 
tionation takes place. The presence of 10 percent of 


t Hexane was isolated and identified in separate experiments, 
in which CO, was used as a carrier gas. 

t Small amounts of butane were probably condensed in trap 71. 
This is presumably the reason for finding in some cases a slightly 
higher percent of CO2 than 66.7 percent. 

§ It is not possible to refute the suggestion that butane results 
from the reaction 2C2Hs- CO2—>CHio+2COx. 
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other gases indicates, therefore, that some dispropor- 
tionation actually takes place, and it is found again 
that the probability of the latter is about § of the prob- 
ability of dimerization. Since no permanent gases (non- 
condensable in liquid-air trap) are formed in the pyrol- 
ysis of butyryl peroxide, it may be concluded that the 
reaction 
C3;H7;->C2.Hy+ CH; 


is much slower than the dimerization. Approximate 
calculation shows that this conclusion is plausible. 

The rate of the decomposition was measured by the 
rate of formation of carbon dioxide. It was found that 
this method is more reliable than the alternative method 
based on the titration of the undecomposed peroxide; 
moreover, the latter method fails entirely when one 
tries to determine low percentages of decomposition. 

The kinetic studies showed that the decomposition 
of both propionyl and butyryl peroxide are first-order 
reactions. The relevant data are collected in Tables III 
and IV, inspection of which shows that the first-order 
rate constants are not affected either by the variation 











TABLE II. 
Percent Percent 

decomposition decomposition 

Compound based on titration based on COz 
Propiony! peroxide 40.5 42.6 
Propiony! peroxide 53.6 54.9 
Propiony! peroxide 59.0 58.6 
Propiony] peroxide 55.3 54.1 
Propionyl peroxide 62.3 63.3 
Propiony] peroxide 54.7 56.1 
Butyry] peroxide 58.6 59.0 
Butyryl peroxide 27.6 30.4 
Butyryl peroxide 57.0 56.0 
Butyryl peroxide 60.4 58.7 








of the partial pressure of the peroxide or by the change 
of time of contact. || The plots of log of the rate constants 


|| We have to discuss at some length the methods used in calcu- 
lation of the first-order rate constants from experimental data. 
In experiments in which the time of contact is short (less than 
1 sec), and the rate of flow is rapid, the diffusion processes are of 
minor importance. In such cases, the flow can be considered as 
essentially laminary and the rate constant k would be computed 
from the experimentally observed fraction of decomposition f by 
applying the formulas 


b=tIn(1—f)>, 


t—denoting the time of contact. However, if the time of contact 
is very long (20-30 sec), the diffusion processes might affect con- 
siderably the rate of reaction. In the extreme case, one should 
consider the reaction vessel as a stirred reactor which is supplied 
continuously with the substrate and from which the products are 
continuously removed. If this is the case, then the unimolecular 
rate constants should be computed by means of the formulas 


1 
=o-f. 


One may easily verify that both formulas give essentially the same 
numerical answers for f<0.03 (i.e., for a decomposition not ex- 
ceeding 3 percent), however, a substantial discrepancy arises for 
higher fraction of decomposition. In order to obtain some idea 
about the magnitude of this discrepancy, we used both formulas in 
computing the rate constants derived from two experiments car- 


TABLE III. Decomposition of propionyl peroxide. 











Time of 
Ptotal =P. peroxide contact Percent 

rk mm Hg mm Hg sec decomp. k sec! 
372.7 20.6 0.270 39.4 3.2 0.0008 
373.7 20.1 0.274 35.7 aD 0.0010 
381.2 19.0 0.298 41.0 BP 0.0018 
407.7 13.4 0.065 0.79 2.0 0.026 
408.7 12.6 0.063 0.70 28 0.030 
409.2 13.3 0.064 0.74 2.4 0.031 
410.9 223 0.305 21.6 S11 0.033 
411.0 13.3 0.068 0.78 2.9 0.038 
411.5 13.2 0.067 0.78 2.8 0.037 
416.7 13.5 0.047 0.74 4.2 0.058 
425.5 13.1 0.071 0.75 8.1 0.113 
425.5 i3Z 0.072 0.76 8.8 0.122 
429.0 13.4 0.072 0.76 11.5 0.160 
430.0 12.5 0.067 0.71 12.0 0.180 
443.2 13.0 0.068 0.72 27.1 0.454 
449.0 13.4 0.055 0.73 43.5 0.78 
449.7 12.5 0.052 0.70 42.6 0.80 
449.9 13.1 0.054 0.73 45.1 0.82 
451.5 10.5 0.134 0.94 be 0.85 
451.7 14.0 0.055 0.73 54.9 1.09 
452.0 10.2 0.143 0.91 58.6 1.08 
452.4 13.6 0.066 0.71 54.1 1.10 
452.5 13.0 0.041 0.65 50.8 1.09 
454.0 8.8 0.105 0.94 63.3 1.16 
454.2 13.3 0.047 0.69 56.1 1.20 
454.3 7.6 0.054 0.27 Sia 1.13 
455.5 13.2 0.052 0.68 58.0 1.34 
464.2 13.8 0.088 0.76 83.0 2.33 








against reciprocals of temperature are presented in 
Fig. 2, and for the sake of comparison we plotted the 
results obtained for acetyl peroxide on the same graph. 
These graphs show the high reproducibility of the results 
and confirm again the first-order character of the 
reaction. 


TABLE IV. Decomposition of butyryl peroxide. 











Time of 
Ptotal peroxide contact _ Percent 

7s mm Hg mm Hg sec decomp. k sec™! 
370.0 20.9 0.210 41.2 3.5 0.00086 
370.0 19.9 0.128 36.8 3.3 0.00091 
371.1 20.0 0.146 34.5 aa 0.00094 
395.5 21.0 0.015 22.42 24.7 0.013 
398.0 20.1 0.016 24.0 26.2 0.013 
400.7 19.8 0.023 29.9 37.6 0.015 
406.2 8.5 0.054 1.02 3.0 0.030 
407.2 8.6 0.058 1.04 3.1 0.031 
409.2 7.9 0.050 0.94 3.6 0.039 
417.1 12.0 0.026 0.71 5.4 0.079 
432.2 13.1 0.027 0.71 19.2 0.300 
440.1 13.6 0.029 0.75 30.4 0.480 
441.0 12.7 0.027 0.70 31.6 0.540 
448.7 8.5 0.061 0.93 58.7 0.95 
449.0 8.5 0.061 0.92 58.8 0.96 
450.5 8.3 0.048 0.90 63.7 1.13 
451.1 12.9 0.027 0.70 56.0 1.17 
451.2 13.1 0.030 0.71 55.6 1.14 
451.3 12.6 0.027 0.68 56.6 1.22 
452.2 12.8 0.030 0.69 58.7 1.27 








ried out with butyryl peroxide at very low temperature and long 
time of contact. The results are denoted in Fig. 2 by pairs of 
squares connected by a solid line. Those two experiments are the 
only ones for which the problem of computation is essential. 
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From the Arrhenius plots we calculate by the least- 
square method the activation energies for the decom- 
positions of propionyl and butyryl peroxides at 30.0 
and 29.6 kcal/mole respectively. These values are 
uncertain within experimental errors lower than +0.5 
kcal/mole. The frequency factors are 2.5-10" sec! and 
1.9-10" sec“! respectively. 


DISCUSSION 


The mechanism of decomposition of acyl-peroxides is 
well established. It involves the following three ele- 
mentary reactions: 


R-CO-0-0-CO-R-2R: CO» (1) 
R-CO.-R+CO, (2) 
R+R—products (3) 


of which the first one is rate determining. Our present 
observations provide us with the activation energies 
and frequency factors of reaction (1) for R= C:H; and 
R=C;H;. Introducing the usual assumption that the re- 
verse of reaction (1) does not require any activation en- 
ergy, we conclude that D(C2Hs;- CO-O-O—O-CO- C2Hs) 
~ D(C3;H;-CO-O—O-CO-C3H;) ~30 kcal/mole. This 


value should be compared with 
D(CH;:CO-O—O-CO-CHs) = 29.5 kcal/mole 


found in previous studies.! Hence, we conclude that the 
O—O bond dissociation energy is essentially inde- 
pendent of the length of the hydrocarbon chain R. This 
result is plausible, since the structural changes in the 
peroxides investigated involve centers which are sepa- 
rated at least by two atoms from the site of reaction. 
The fact that 2 moles of CO: are obtained from each 
mole of peroxide decomposed proves that the reaction 


(R-CO2)2>R:CO:0-R+CO2 


does not take place in the gaseous phase. Similar obser- 
vations lead to the same conclusions with respect to the 
decomposition of gaseous acetyl peroxide.! 

Comparison of kinetics of decomposition of acetyl 
peroxide in gaseous phase and in solutions? lead to the 
conclusion that the effect of a solvent on the activation 
energy of the process originates most probably from 
the different probabilities of the cage recombination at 
various temperatures. It is argued that the activation 
energy of a homolytic bond rupture is not significantly 
affected by the presence of a solvent, since the molecules 


2 Levy, Steinberg, and Szwarc, J. Am. Chem. Soc. 76, 5978 
(1954). 
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of the latter are too far from the site of the reaction 
(i.e., from the O—O group). Our present results offer 
further support to this argument, showing that even a 
modification of the molecule does not affect considerably 
the activation of the homolytic process, provided that 


the constitutional changes take place sufficiently far 
from the reacting center. 

In conclusion, we would like to thank the National 
Science Foundation for the financial support of this 
investigation. 
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Random walks subject to the excluded volume effect have been generated by means of a high-speed elec- 
tronic digital computer for four different two-dimensional lattices. A semiempirical theory has also been de- 
veloped for interpreting the statistical data. From the results obtained it is possible to show for several two- 
dimensional lattices that the quotient, (7,,?)4,/n, diverges as n— © , where (r,,?)a, is the mean square length of 
permissible walks of n steps. This conclusion was reached by using an appropriate difference equation in 
conjunction with data on the mean square lengths of successful walks and the mean square lengths of failures 
resulting from ring closures. Integration of that difference equation indicates that if m is sufficiently large, 
(rn7)ay is proportional to m4, where A depends upon the lattice system. 


INTRODUCTION 


¥ a previous publication from this laboratory,' there 
was described the generation of restricted random 
walks by means of a high-speed electronic digital com- 
puter. Similar work has been reported by Rosenbluth 
and Rosenbluth? with results in agreement with our 
own. Earlier, G. W. King* used IBM punched-card 
methods in an attack upon this problem. Teramoto and 
Kurata‘ have also investigated the statistical problem 
by hand calculations, which work was _ necessarily 
restricted to relatively short chains. 

A restricted random walk is defined as a walk in a 
given lattice that does not involve double occupancy 
of any lattice site; hence, these walks are said to be 
subject to the ‘‘excluded volume effect.” Since no two 
chain units of a flexible long-chain polymer molecule 
can occupy the same volume element in space, a re- 
stricted random walk provides a convenient model for 
describing the mean dimensions of polymers. It is our 
ultimate objective to establish a relationship between 
the mean-square end-to-end separation of a polymer 
chain and the number of links in the chain. This mean- 
square length will be denoted by (r,”)4, where 7 is the 
number of steps or links in the chain. 


* The work discussed herein was supported in part by the re- 
search project sponsored by the Reconstruction Finance Corpora- 
tion in connection with the Government Synthetic Rubber 
Program. 

' Wall, Hiller, and Wheeler, J. Chem. Phys. 22, 1036 (1954). 

2M. N. Rosenbluth and A. W. Rosenbluth, J. Chem. Phys. 23, 
356 (1955). 

3G. W. King, Natl. Bur. Standards, Appl. Math. Ser. AMS 12 
(June 11, 1951). 

‘E. Teramoto and M. Kurata, Kyoto University, private 
communication. 


A question still unanswered concerns the behavior of 
the quotient (r,?),,/m as n—«. Both convergence and 
divergence of this ratio have been predicted for three 
dimensions, but there is a general feeling that it di- 
verges in two and converges in four dimensions, al- 
though we shall see later that the number of dimensions 
alone may not be determinative. 

We have now generated restricted random walks for 
a variety of lattice systems in two, three, and four 
dimensions to investigate both the effect of the number 
of dimensions and of the lattice system on the behavior 
of the above mentioned quotient. In the present article 
we shall discuss our results for several two-dimensional 
lattices and will formulate theoretical considerations 
for their interpretation. The results for three and four 
dimensions will be published in a future article. 

It was shown previously’ that the fraction of the 
starting number of samples remaining after m-steps, 
N,, decreases exponentially with increasing n. This 
attrition of samples is so large that it is virtually im- 
possible to obtain reliable data for m greater than about 
80 for most lattices. Consequently, the direct examina- 
tion of the functional dependence of (7,,2)4,/m on is 
not practical. 

The two-dimensional lattices which we have treated 
are the following: (a) the two-choice 90° lattice, (b) the 
three-choice 90° lattice, where the step angle may be 
either 90° or 180°, (c) the two-choice 120° lattice, and 
(d) the five-choice 60° lattice, where the step angle may 
be 60°, 120°, or 180°. These are shown in Fig. 1. The 
last three lattices are really equivalent to four-choice, 
three-choice, and six-choice systems, respectively, since 
the mathematical analysis of the results is simplified by 
making the average of the trial vectors equal to zero, 
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Fic. 1. Representation of experimental two-dimensional lat~ 
tices: (a) two-choice 90° lattice, (b) three-choice 90° lattice, (c) 
two-choice 120° lattice, (d) five-choice 60° lattice. 


thus implying the possibility of trying to step back- 
wards. Since a.backward step is certain to fail, it can 
be directly eliminated from the machine computations 
without effect on mean-square distance data. However, 
the effect of a backward step on attrition and ring- 
closure probabilities can be easily calculated and in- 
corporated into the theoretical analysis. 

The restricted random walks were generated using 
the ILLIAC electronic digital computer by methods 
already described.! The computation code was altered 
for each lattice to insure the desired number of choices 
and the proper angular relationships between succes- 
sive vectors. The following data were obtained: (a) the 
total number of samples, V,, remaining at step m, (b) 
the mean-square lengths of allowable walks, (7,2), at 
step n, (c) the number of single-ring closures of each 
possible size, k, at each step m, and (d) the mean-square 
distances of these ring closures from the point of closure 
back to the origin. The last were desired since a knowl- 
edge of the relationship between the mean-square dis- 
tances of successful walks and of ring closures is neces- 
sary for solving a significant difference equation to be 
derived later. 

Because of the limitations of the memory capacity 
of the computer, all random walks in our present group 
of lattices were terminated at n=50. At least 200 000 
walks were generated for each lattice; because of the 
high attrition in the two-choice square lattice, 650 000 
walks were generated in this case. 

In addition to the above, the randomness of the 
successive vector selection was examined. To select 
successive vectors, a random number such as 0.17 
rounded off to 39 binary digits is stored in the computer. 
This number is multiplied by 7 to obtain a new number. 
If the integral part of this new number is 0, 1, 2, or 3 
(for example, in a four-choice lattice), it is used to choose 
the next vector in a walk. If the integer is 4, 5, or 6 
(in the same example), it is rejected. To obtain a new 
integer, the integral part of the previous product is 
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rejected and the remainder is multiplied by 7. On each 
machine run a different random 39 binary digit number 
is used at the start. 

To examine the randomness of this process, a selec- 
tion of numbers was carried out on the computer using 
the method described above for a total of 840 000 trials, 
which is greater than the total number of trials made in 
any run. At each step the nonintegral part of the product 
was compared to the original number to see whether a 
cycle had been set up. The original number never re- 
curred in the test. In addition, the integers, 0, 1, 2, and 3 
each occurred about 120 000 times as expected since the 
probability for obtaining any one of these numbers is 
one-seventh. 


ATTRITION 


The attrition in a restricted random walk can be 
expressed as follows!: 


Nn»=No exp(—An). (1) 


Since Eq. (1) does not fit the data for low values of n, 
No is an extrapolated value for n=0 and is greater than 
Ninitial, the actual number of starting samples used. 
The parameter, A, is called the attrition constant. 
Graphs of log(Nn/Ninitiat) versus n for the several 
lattices are shown in Fig. 2. 
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Fic. 2. Attrition in two-dimensional lattices: (a) two-choice 90° 
lattice, (b) three-choice 90° lattice, (c) two-choice 120° lattice, 
(d) five-choice 60° lattice. 











Ex 
ships 
is plo 
be wi 
Eq. ( 
repre 
The © 
to re 
taine 

As 
two-c 
inclu 
step 
the p 
step » 
The z 
is rea 

Sin 


where 
comp 


4 


MEAN SQUARE DISTANCE, <?Py>ay 


Fic. 
lattice: 
(d) fiv 


shown 





° 








TABLE I. Attrition in two-dimensional lattices. 








Experimental Lattices 


Lattice r 1 —exp(—a) ny No/N initial 


(a) 2-choice 90° 0.226 0.202 3.07 2.20 
(b) 3-choice 90° 0.119 0.112 5.83 2.40 
(c) 2-choice 120° 0.071 0.069 9.76 2.00 
(d) 5-choice 60° 0.174 0.160 3.98 2.23 


Lattices Corrected for Backward Step 
Lattice A* 1—exp(—A*)  23y* = No*/Ninitial 


(a) 2-choice 90° 0.226 0.202 3.07 2.20 
(b) 4-choice 90° 0.408 0.334 171 2.50 
(c) 3-choice 120° 0.477 0.379 1.44 2.33 
(d) 6-choice 60° 0.357 0.300 1.96 215 

















Except for small values of m, straight-line relation- 
ships are obtained for each lattice when log(N »/N initia) 
is plotted versus n. Thus the form of Eq. (1) appears to 
be unaffected by lattice structure. The constants for 
Eq. (1) are given in Table I. The values for 1—exp(—A) 
represent the fractions of samples lost at each step. 
The ‘‘half-walk,” m;, is the number of steps required 
to reduce the samples by one-half. No/Ninitiai was ob- 
tained by extrapolation to n=0. 

As mentioned previously, for all lattices except the 
two-choice 90° system, the backward step must be 
included if angular symmetry is to exist. This backward 
step increases the true attrition considerably because 
the probability for terminating a walk by a backward 
step will be 4, 3, and % for lattices (b), (c), and (d). 
The attrition arising by inclusion of this backward step 
is readily calculated as follows. 

Since 1—exp(—A) is the probability for failure, then 


1—exp(—A*) = po*+ (1—po*)[1—exp(—A)] (2) 


where \* is the corrected attrition parameter for the 
complete lattice, and p,* the probability for selecting 
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Fic. 3. Mean-square end-to-end distances in two-dimensional 
lattices: (b) three-choice 90° lattice, (c) two-choice 120° lattice, 
(d) five-choice 60° lattice. The two-choice 90° lattice, (a), is not 
shown since it very closely resembles the plot of the 60° lattice, (d). 
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Fic. 4. Plot of (rn2)sy/m versus n for two-dimensional lattices: 
(a) two-choice 90° lattice, (b) three-choice 90° lattice, (c) two- 
choice 120° lattice, (d) five-choice 60° lattice. 


the backward step. The attrition parameters (A*) for 
what we shall call the four-choice 90° lattice, the three- 
choice 120° lattice and the six-choice 60° lattice are also 
given in Table I. 


MEAN-SQUARE DISTANCES OF PERMISSIBLE 
RESTRICTED RANDOM WALKS 


The mean-square distances of permissible restricted 
random walks are plotted versus n in Fig. 3. These ex- 
perimental data are also plotted in the form of (7,2),/n 
versus n in Fig. 4. It is observed that the deviation of the 
ratio from unity, i.e., from that predicted for an un- 
restricted random walk, begins with the steps at which 
failures first become possible, that is, at n=2 except 
for the orthogonal two-choice lattice, for which the 
departure begins at n=4. 

It was shown previously,!? that when the log of the 
mean-square distances of successful walks are plotted 
against log m, one obtains straight lines over a wide 
range of the experimental data. Therefore an equation 
of the form 


(2) = an? (3) 


can be used to fit the data. For three-dimensional 
lattices, b=1.22 with a depending on the lattice struc- 
ture. It was also pointed out! that Eq. (3) cannot be 
relied upon for describing (7,2), as n>. 

Log-log plots of the kind described above can also 
be made for the two-dimensional lattices with similar 
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Fic. 5. Plot of log (rn2)sy versus log n. I. One-dimensional linear 
lattice (slope= 2.00). II. Typical two-dimensional lattice (slope 
= 1.45). III. Typical three-dimensional lattice (slope= 1.22). IV. 
Typical four-dimensional lattice (slope=1.11). V. Unrestricted 
random walk (slope= 1.00). 


results (Fig. 5). Values of b for the different lattices 
are shown in Table II. The exponent ) ranges from 
1.42 to 1.49 with an average of 1.45 for the four two- 
dimensional lattices investigated. For comparison, 
graphs corresponding to the two-choice linear one- 
dimensional lattice, a three-dimensional and a four- 
dimensional lattice and an unrestricted random walk 
have also been included in Fig. 5. (The three- and four- 
dimensional data will be discussed in a subsequent 
paper.) It is observed that the slope decreases with 
the number of dimensions, thus indicating an approach 
toward the unrestricted random walk. 


MEAN-SQUARE LENGTHS OF RING CLOSURES 


As mentioned previously, each time a random walk 
was found to have returned to a lattice site previously 
occupied during the walk, the particular step on which 
this occurred was recorded as a failure and the walk 
was terminated. These failures gave rise to loop closures, 
the size and frequency of which depend upon the lattice 
structure. In addition to studying the frequency with 
which these loop closures occurred, the mean-square 
distance from the point of closure to the origin was 


TABLE IT. Parameters for log-log plot of (7,2) vs n. 











Lattice Intercept Slope Average slope 
(a) 2-choice 90° 0.7 1.49 
(b) 3-choice 90° 1.0 1.45 1.45 
(c) 2-choice 120° 1.1 1.45 ‘ 
(d) 5-choice 60° 0.9 1.42 
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determined. The mean-square length of failures result- 
ing from ring closures of k-steps occurring at the nth 
step, will be denoted by (.R,2)4. This quantity will bear 
some resemblance to the mean-square length between 
the origin and the points corresponding to u—k as 
shown in Fig. 6. However, (.R,?)4 will not generally 
equal (r?,,,). In Fig. 7, the mean-square lengths of 
successful walks and of failures resulting from ring 
closures are plotted versus n for the three-choice square 
lattice. The results obtained for the other lattices are 
quite similar to these and will not be considered sepa- 
rately. It is observed that the failure distances follow 
the same general pattern as the successful walk dis- 
tances, except that the failure distances are always 
shorter for a given value of . Sample losses cause these 
data to become more scattered as both m and & increase. 

It might be assumed that the mean-square lengths 
of ring closures, (,R,2),4, would be equal to the mean- 
square lengths of permissible walks to step n—k, 
namely (7*,-x)w. This hypothesis can be tested by 
plotting (7,?)a/n versus n for the successful walks and 
(.Rx2)m/(n—k) versus n—k for the failures, as shown in 
Fig. 8. The data so plotted refer to the three-choice 
square lattice and the failures all correspond to rings 
of size k=4. Plots for larger rings are similar but have 
been omitted to avoid confusion. It is observed that 
values for (4R,?)/(n—4) clearly exceed those for 
({rn-¢)/(n—4) demonstrating that the mean-square 
lengths of permissible walks at the (n—)th step cannot 
be substituted for (;R,”)w. This conclusion appears 
entirely reasonable since the curled-up short configura- 
tions fail more frequently than the extended configura- 
tions as the number of steps is increased from n—k to 
n. This means that the failures at 7 should on the aver- 
age be longer than the successes at n—k. 

The most useful plot of the mean-square lengths of 
ring closures is shown in Fig. 9, in which (;R,”), is 
plotted against k, for constant values of . It is observed 
that essentially linear plots are obtained except for 
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Fic. 6. Schematic representation of a restricted random walk of n- 
steps closing a loop of k-steps. 
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Fic. 7. Plots of mean-square distances of successful walks 
(rn2)ay and of ring closures (;.R,)a, for k=4 to 10 versus number of 
steps. All data apply to three-choice 90° lattice. 


departures when k becomes nearly equal to n. The 
deviation in this region is not surprising since ring 
closures at the origin are atypical. If these graphs are 
extrapolated to k=0, the limiting values so obtained 
agree well with the mean-square lengths of successful 
walks; hence, it appears that a simple relationship 
between (,R,?)4, and (7,2)a exists. Since a straight line 
can be drawn connecting (7,2),4, to the point m= with 
ordinate values never less than (;R,2), aside from 
random scatter, we can write that 


k 
(Rn?) wv S (real _ -| . (4) 
n 


If it is further assumed that the straight lines in 
Fig. 9 extrapolate to a value n—6 on the horizontal axis, 
then Eq. (4) can be written more precisely in the form: 


k 
(Rr?) av = (rea — —|. (5) 
n—6 


Equation (5) is quite accurate except, of course, for 
values of k nearly equal to n. 


DIFFERENCE EQUATION FOR RESTRICTED 
RANDOM WALKS 


Consider any distribution of vectors, each vector 
obtained by successive addition of a set of n—1 unit 


vectors to form a sequential random walk. If we now 
add unit vectors in every possible direction to the 
growing ends of all the vectors in this distribution, 
then the mean-square over-all length of the vectors will 
be increased by unity, provided the average of all the 
vectors added to equal is zero. This will be shown in the 
case of a four-choice orthogonal planar lattice, but the 
proof is easily extended to other lattices. 

If any given vector terminates at position (x,y) in 
this lattice, then the four new possible positions are 
(w+1,y) and (x, y+1). The four new possible square 
lengths are 2°+2x+1+~y? and 2?+y*+2y+1, whose 
average is x*+?+1. This happens for every position; 
hence, the mean-square length of the walks is increased 
by unity. We can now apply this proposition to re- 
stricted random walks. Thus, if p is the probability for 
a walk failing at step m and (R,?)w is the mean-square 
length of all failures and (7,”)y is the mean-square 
length of all successful walks, we have the following 
exact difference equation: 


PR 22) wt (1— p)(rn2dav= (rn) wt 1. (6) 


The probability, p, of a failure is the sum of the 
probabilities of ring closures of all possible sizes, k, and 
can be expressed as: 


p=d Pi. (7) 
k 


If we now assume that the individual probabilities are 
mutually independent and also independent of , we 
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Fic. 8. Plot of (7n2)ay/n versus n and of (4Rp?)ay/(n—4) vs (n—4). 
Data apply to three-choice 90° lattice. 
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Fic. 9. Plot of (4Rn?)ay versus ring size, k, for various n. Data apply 
to three-choice 90° lattice. 


conclude that: 


PR?) w= DL PERn?) ave (8) 
k 


Substitution into Eq. (8) of the relationship between 
the mean-square distances of ring closures and success- 
ful walks, Eq. (4), then yields: 


PWR?) wS DO pidtn?)w(1—k/n). (9) 
k 


Or: 
PR?) S (rn?) wok Pe— (1/ me kp. ]. (10) 
k 


Substitution of Eqs. (7) and (10) into Eq. (6) and 
rearrangement gives 


(rn?) ay 2 (tn?) wt i+ (ra )a/m)2- Rpx.. (1 1) 


The term, ((r,2)w/2)>. kp, represents a perturba- 
tion of the unrestricted random walk attributable to 
the excluded volume effect. An expression valid for the 
unrestricted random walk is, of course, obtained if this 
term is set equal to zero. The inequality in Eq. (11) 
actually exaggerates the effect of the perturbation; thus 
the approximation given by Eq. (4) is quite safe to use 
if the effect of the excluded volume is such that the 
quotient, (7,2)a/n, tends to diverge. Replacing the 
inequality of (11) by an equality then gives a lower 
limit to (7,2). If the more exact form expressed by 
Eq. (5) had been used in deriving (11) instead of the 
inequality (4), we would obtain 


(12) w= (Pn— w+ LAL?) / (n—6) 0 Rp. (12) 
k 


However, since (n—6)/n —1 in the limit, we have some 
justification for dropping the 6, which is equivalent to 
making (11) an equation instead of an inequality. 

The solution of Eq. (12) with 6=0 will depend upon 
the nature of the summation term, >> kp,. It will be 
shown that this term must approach a finite limit and 
that the quotient, (7,2)4/n may or may not reach a 
limit as n>, depending on the limiting magnitude of 
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that summation. For large values of n, Eq. (12) can be 
treated as a differential equation and integrated to ob- 
tain an expression relating (7,2), to m. This can be done 
by setting d(r,2)y/dn equal to (r,2)w—(rn—1*)w, and 
assuming that >> kp, has an upper bound of finite 
value, A. Equation (12) then becomes a simple linear 
first-order differential equation with a solution of the 
following form: 


(rn?) w= n/(1—A)+CnA, (13) 


where C is the integration constant. It can be seen 
that A, or limps. >> kp,, can never exceed the value 2 
since this would mean that (r,2),, would exceed n? for 
sufficiently large m. This is physically impossible since 
n? is the maximum square length of any chain. If 
1<A<2, then (r,?),, is proportional to 4 at large n, 
under which conditions the quotient (7,7)s,/m diverges 
as m— co. On the other hand, if A <1, (7,2) is propor- 
tional to m at large m, and the quotient converges to a 
limiting value. Finally, if A is equal to 1, the solution 
of the differential equation assumes the form: 


(rn?) w=n In n+Cn, (14) 


for which the quotient (r,”),/n is again divergent. It 
was assumed in the foregoing that >> kp, has an upper 
bound A. Since kp; can never be negative, the summa- 
tion must be a monotonically increasing function 
assuming, of course, that , is independent of 2. 
Therefore it must have an upper bound, for if it did not, 
then A would ultimately exceed 2, a situation that has 
already been shown to be impossible. 


PROBABILITIES FOR SINGLE-RING CLOSURES 


From the foregoing treatment it is evident that if 
Eq. (5) is valid, the solution to our problem of mean- 
square lengths rests upon the nature of the summation 
> kp... This suggests, therefore, that it would be 
profitable to examine the probabilities of ring closures 
with the hope of establishing an appropriate function 
that might be used in obtaining the solution to our 
problem. In the previous article from this laboratory,' 
it was reported for the four-choice three-dimensional 
cubic lattice that the probability of ring closure varies 
inversely as the square of the ring size. It was noted, 
however, that the probability of closing a ring at the 
origin (k=m) was uniquely greater than that for closing 
a ring of an equal number of steps but not ending at the 
origin (k<m). Accordingly, two probabilities were dis- 
tinguished from each other, namely p,°, which was 
called the initial ring closure probability, and p,, which 
was called the limiting closure probability. Upon plot- 
ting the statistically observed probabilities versus ring 
size on log-log paper, straight lines were obtained with 
slopes very nearly equal to —2, thus suggesting the 
following expressions, valid for kS 8, 

ny 
bi'=— (15a) 
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and 
Cc 


ma (15b) 
Since an inverse square relationship seemed not un- 
reasonable, no effort was made to force the exponent to 
have a value different from 2. 

For the two-dimensional] lattices, results rather simi- 
lar to those described above have been obtained. Thus 
for each lattice it was found that the initial and limiting 
probabilities were different. Moreover, upon plotting 
p.? and p; versus k on log-log paper, straight lines with 
slopes near — 2 were obtained. Some of the best data of 
this type are shown in Fig. 10. In the case of lattice d, 
which actually provided the most reliable data with 
respect to ring closures, the slope was numerically 
larger, being more nearly equal to —2.2, but the other 
lattices, as far as we can tell, have slopes of —2.0 with 
uncertainty in the next decimal place. However, the 
log-log lines cannot be safely extrapolated for reasons 
set forth in the next paragraph. 

The first thing we must reckon with in connection 
with ring-closure probabilities is the effect of the ex- 
ponent on the summation >> kp;. Obviously if the 
ring-closure probabilities vary inversely as the square of 
the ring size, then the above mentioned sum will di- 
verge as the summation index increases indefinitely. 
However, this is impossible, according to our previous 
argument, if we assume the validity of Eqs. (5) and 
(12). It is interesting to note that if the inverse power 
dependence on ring size should be changed from 2 to 
2+ where e>0, then the summation will converge, 
although possibly to an upper bound greater than 2, 
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Fic. 10. Log-log plot of limiting probabilities of single-ring 
Closures versus ring size: (b) three-choice 90° lattice; (d) five- 
choice 60° lattice. 
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Fic. 11. Plot of 2 kp,* vs n. (a) Two-choice 90° lattice; (b) 
four-choice 90° lattice. Curves for lattices (c) and (d) would 
closely superimpose on that of (b). Smooth curves have been 
plotted through points at which the indicated function assumes 
increments in value. 


which would still be physically impossible as far as our 
problem is concerned. Therefore, if our theory is to have 
any meaning, we must require that the summation 
converge to an upper bound less than 2, and to that end 
we must investigate new means for ascertaining its 
limiting value. In all of these calculations we must, of 
course, make an adjustment for the probability of 
closing a ring with k=2, except for lattice (a) which 
involves only 90° bond angles. This is necessary to 
make the average of the trial vectors equal to zero, 
thus justifying Eq. (6). Since the probabilities of closing 
rings of 2 steps are equal to }, 3, and % respectively for 
lattices (b), (c), and (d), the probabilities for the larger 
rings must consequently be reduced, from those ap- 
parently observed, by the factors 2, 3, and 2 respec- 
tively. These corrected probabilities will be denoted by 
p* and p.*. With this understanding the summation 
> kpx appearing in Eq. (12) should really be >> kp,*. 


CALCULATION OF SUMMATION 2kp,* 


Several methods can be used for estimating the sum- 
mation, >> kp;*, but we shall here describe only three of 
them, of which the first two have only qualitative sig- 
nificance. Obviously if one knew the precise dependence 
of p,* upon k, one could simply evaluate the summation 
by numerical or analytical methods. Since most of the 
evidence concerning functional form suggests an inverse 
square function, the analytical procedure must be 
discarded since it would give rise to divergence of the 
sum and hence to an impossible answer. However, we 
can take the empirically determined limiting ring- 
closure probabilities and sum them up as far as the 
data are reliable. Although this will not give the upper 
bound to the sum, the results may be significant with 
respect to qualitative trends. When this procedure is 
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followed, we find, as shown in Fig. 11, that the sum for 
lattice (a) very nearly approaches unity in less than 40 
steps. For lattice (b), the sum has definitely exceeded 
unity after 20 steps. This means that the quotient 
(rn?)»/n should diverge for lattice (b) as becomes 
infinite. Some uncertainty on this score exists with 
respect to lattice (a), for we cannot rule out the distinct 
possibility that the uncomputed ring-closure probabili- 
ties will carry the sum over the unity mark. For lattices 
(c) and (d), results quite similar to lattice (b) are ob- 
tained, and for all practical purposes, their graphs in 
Fig. 11 would be superimposable on that for (b). 

An indirect method for getting at the summation 
involves rearrangement of Eq. (12) to the following 


form: 
(rn?) ay ae (rn—1) ay ‘as 1 


(7n°)m/(n—8) 


By putting empirical data into Eq. (16), values of the 
sum for various m can be calculated from mean-square 
distance data without explicit utilization of loop- 
closure probabilities. It will, however, require use of the 
correction term, 6, which is obtained from the mean- 
square lengths of the closures. Because of the difference 
between p,* and p;*, values of the expression given by 
Eq. (16) will jump upwards sharply each time a new 
size ring can form, after which it will fall back to a 
“normal” value. Except for these jumps, the summa- 
tion can be regarded as a monotonically increasing func- 
tion. Hence, we can infer that if the ‘‘normal” values of 
the expression on the right-hand side of Eq. (16) ever 
exceed unity, then the quotient (7,2),,/ must diverge. 
Direct substitution of mean-square lengths into Eq. (16) 
gives rise to values of the summation agreeing very well 
with those shown in Fig. 11, except for the above men- 
tioned zig-zags attributable to the abnormal initial 
ring-closure probabilities. Hence, the qualitative con- 
clusions appear to be warranted. 

Although the above demonstration gives fairly con- 
clusive proof of the divergence of (7,2)x,/n for certain 
two-dimensional lattices, a more precise quantitative 
expression can be obtained by evaluating the summa- 
tion >> kp, by use of attrition data. This can be done in 
at least two ways, but the best method appears to be 
the following. 

For simplicity, let us assume lattice (b), namely, the 
three-choice orthogonal two-dimensional system. If 
pe and p, are the observed, uncorrected initial and 
limiting ring-closure probabilities, and if N, is the 
actual number of samples left after steps, then as- 
suming to be even we can write that 
n+1 
3 N./Nu= Ni/NotN2o/NitN3/N2 
i=1 

+N4/N3- a +N nyi/Na 
=3+ (1—pa°)+ (1— pa) + (1— pa— po”) 
+(1— ps— po) +--+ (1— pa— po * » — pn’) 
+(1—pi- porn). (17) 





X kp,* (16) 
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Upon rearrangement we obtain: 


n+1 n 
: N./Nwi= n+1-—> pre 
i=1 k=4 


—(n—3)pa--+—3pn-2—pn. (18) 
Solving for >> kpx, we find that 


n+1 


> kp,.= Ye N/Ne- (n+1) 
k=4 


i=1 


+Or+1) E Pt pe’. (19) 


k=4 


But if m is made large enough, Nny:/N, approaches 
1—>> p, which has as its limit exp(—A) ; in other words 
the attrition curves approach the straight lines of Fig. 2. 
Assuming that the asymptotic approach of In, to the 
straight line takes place rapidly enough, we can assert 
that 


lim ¥ kpy 


neo k=4 


=lim{ > N;/Ni1— (n+1) exp(—A)} 


n70 i=l 


+lim  pi°. (20) 


n—~+0 k=4 


The first limit on the right-hand side of Eq. (20) can 
be evaluated by direct count from n=1 to some 
point along the appropriate straight line of Fig. 2. 
Once the straight-line portion is reached, further terms 
will contribute nothing to the expression within the 
braces. To evaluate the limit of >> p,°, we shall assume 
it to be given by 


E p=— m=—Li—exp(—d)], (21) 
k C k Cc 


where ) is the attrition parameter and c°/c is the ratio 
of initial to limiting probabilities of ring closures for 
rings of specified size. In this case we do not assume 
any particular power relationship for p; as a function of 
k, but we do retain the distinction between p,° and px 
and assume that their ratios are independent of &. 
Hence 


ne k=4 


=lim{ > N;/Nj-1— (n+1) exp(—A)} 


no i=l 


0 
+[1-ep(—») (22) 


C 


To convert Eq. (22) to corrected probabilities, we 
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further note that 
A=) kpx*=2po*+(1—po*) Di kpe. (23) 
k=2 k=4 


Equations identical to Eq. (22) can be derived for other 
lattices as well; care must be exercised, of course, in 
adjusting the probabilities of ring closures to take care 
of backward steps when necessary. 

Results of calculations using Eqs. (22) and (23) are 
shown in Table III. It will be observed that except 
for lattice (a) all of the A values exceed unity thus 
implying divergence of (r,”),,/n. For lattice (a), it 
was found by use of Eq. (22) that A=0.95 which is 
near the threshold value. If the value 0.95 can be ac- 
cepted as correct, then we would predict convergence of 
the ratio (r,2)4/n for the two-choice orthogonal two- 
dimensional lattice. 


DISCUSSION 


According to Eq. (13), (7,2)s is proportional to 24 for 
large n with A<1.2, for the two-dimensional lattices 
investigated. The results summarized in Table III also 
indicate that the ratio (r,”),,/n is closest to convergence 
for the 2-choice orthogonal lattice and most divergent 
for the 120° lattice. This is the order to be expected 
since the least attrition, and hence, the smallest ex- 
cluded volume effect exists in the orthogonal lattice 
and the most attrition and hence, the greatest excluded 
volume effect occurs in the 120° lattice (including, of 
course, the backward step). 

The fact that the two-choice 90° lattice is close to 
convergence, if not actually convergent, brings out the 
point that it is not necessarily the number of dimensions, 
per se, which is the controlling factor in determining the 


TABLE III. lim 2 kp; from attrition data. 











no k 
lim 2 kpe lim J kpe* 
Lattice n>o k n>o k 
(a) 2-choice 90° 0.950 0.950 
(b) 3-choice 90° 0.872 1.154 
(c) 2-choice 120° 0.810 1.206 
(d) 5-choice 60° 0.939 1.116 








possible convergence of limy+2(7n2)a//. It appears quite 
possible that this ratio will converge in some lattices for 
a given number of dimensions and will diverge in others. 
This must be considered carefully in the examination of 
three-dimensional restricted random walks, especially 
in the orthogonal four-choice cubic system, which would 
be among the least affected by the excluded volume. 

Approximate values of the integration constant, C, 
in Eq. (13) can be calculated using the values of A given 
in Table III together with one value of (r,”)4. Unfor- 
tunately, this calculation requires the use of experi- 
mental values for (r?)4, which are available only for 
relatively small values of 7. In this experimental range, 
Eq. (13) is really not applicable because A is not con- 
stant for small n. 

The question will naturally be raised as to why the 
exponent A shown in Table III is less than the slope, 4, 
of Table II. The reason is that the function represented 
by Eq. (13) is of such character that when plotted vs n 
on log-log paper it will give a pseudo-straight line of 
slope greater than A, at least when C is in the neighbor- 
hood of A/(A—1), which is the value of C determined 
at the point n=1. 

An extension of the treatment of this paper to three- 
and four-dimensional lattices will be published in the 
near future. 
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SiD;H has been prepared by the action of lithium aluminum deuteride on SiCl;H. A parallel type absorp- 
tion band has been studied with a high-resolution infrared spectrometer. Analysis of the rotational fine 
structure of the band gave Byp=1.7755+0.0008 cm~. If the assumption is made that the structural param- 
eters of the ground state of SiH, are unaltered by the substitution of D for H, the Si-H internuclear distance 
is found to be 1.4798+-0.0004 A. This is appreciably greater than 1.455 A which is accepted at present. 





INTRODUCTION 


ROM valence theory it is predicted that the SiH, 
molecule should have tetrahedral symmetry, point 
group 74, similar to that of CH,. This expectation is 
confirmed in detail by the infrared spectrum, which has 
been studied under high dispersion by Tindal, Straley, 
and Nielsen.! These authors derived a value for Bo of 
SiH, from the fine structure of the v3; and », fundamental 
modes, which are the only 2 infraied active funda- 
mentals and which are both triply degenerate modes. 
The bands are perturbed by first and higher orders of the 
Coriolis interaction. While the first-order interactions 
may be taken into consideration by the application of a 
sum rule, it is not possible to deal with the interactions 
of higher order by a simple procedure. For this reason, 
the determination of By for SiH, is liable to error. 

For CH,, a better procedure? for determining the 
rotational constants of the ground state, and the molecu- 
lar parameters, is to destroy partially the symmetry 
of the molecule by the substitution of D for some of the 
H atoms. It is then always possible to find nondegen- 
erate fundamental vibrations in which there are no 
first-order Coriolis interactions, and from which the 
rotational constants of the ground state may be de- 
termined by direct methods. 

In the present work, a sample of SiD;H has been 
prepared. This molecule has the symmetry C3, and 
hence 6 fundamental frequencies, 3 nondegenerate, 
3 doubly degenerate, and all are infrared active. The 
first overtone of the nondegenerate Si-H stretching fre- 
quency has been studied with a high-resolution spec- 
tometer. From this study, By has been determined. 

To derive a value for the Si-H distance from the Bo 
of SiD3H, it is necessary to make assumptions about 
the effect of D substitution on the mean internuclear 
distances in the ground state. However, the errors 
arising from this uncertainty are probably small com- 
pared with those which arise in determining the Si-H 
distance from the spectrum of SiH4. 


* National Research Laboratories Postdoctorate Fellow. 

1 Tindal, Straley, and Nielsen, Phys. Rev. 62, 151 (1942). 

2G. Herzberg, Infrared and Raman Spectra of Polyatomic 
Molecules (D. Van Nostrand Company, Inc., New York, 1945). 


EXPERIMENTAL 


SiD;H was prepared by the action of LiAID, in 
etheral solution on SiCl;H. The LiAID, was kindly 
supplied by Dr. L. C. Leitch of the Division of Pure 
Chemistry of the National Research Council. The 
SiCl;H was obtained from Anderson Laboratories, Inc., 
(Weston, Michigan) and was stated to be 98 percent 
pure; however, before use it was fractionated. 

An ethereal solution of LiAID, is slightly more than 
the stoichiometric proportion required for the reaction 
was frozen in a bath of liquid N». The SiCl;H was dis- 
tilled in vacuo onto the top of the solid. On allowing 
the containing vessel to warm to room temperature, 
SiD;H was evolved. The gas was passed through a 
succession of traps at —95°C to remove the ether and 
was then condensed with liquid N». Finally, the SiD;H 
was distilled into a storage bulb from a trap at —95°C. 
It was found that the sample still contained a slight 
trace of ether, but since this did not materially affect 
the analysis of the band, no further purification was 
attempted. About 1 | of gas at 1 atmos pressure was 
prepared. 

For measurement of the spectrum, a pressure of 
2-3 cm Hg of gas was employed in a 1-m multiple re- 
flection cell which was adjusted to give an optical path 
of 8 or 16 m. The spectrometer and the method of 
calibration by fringes of a Fabry-Perot interferometer 
have been described.* In the present work, it was not 
possible to measure the whole band against the inter- 
ferometer fringes in a single order of the grating. In 
order to match the fringes in the 2 grating orders, the 
absolute orders of the interferometer fringes were de- 
termined. Application of the grating formula then 
enabled a match between the two calibrations to be 
made. It is possible, on account of this, that there is a 
small systematic error between the measurements of the 
P and R branches of the band. In order to allow for 
such an error, the effect of a systematic error of 0.05 
cm~! between the P and R branches was included in 
the errors ascribed to the derived constants. The 
actual error is believed to be much smaller than this. 


3A. E. Douglas and D. Sharma, J. Chem. Phys. 21, 448 (1953). 
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Fic. 1. A portion of the R branch of the 2»; band’ of SiD;H. 


ANALYSIS OF THE ROTATIONAL FINE STRUCTURE 


The appearance of the band is very similar to that 
of the parallel bands of CH;D** and CD;H® which 
have been studied recently with comparable dispersion. 
Figure 1 shows a portion of the R branch together with 
the positions of the lines computed from the constants 
obtained from the analysis. In general, the K structure 
has been resolved for K > 6, although in some instances 
the K=5 line could be resolved sufficiently for measure- 
ment. In the R branch, where the groups with different 
J converge, the K structure of one J overlaps that of the 
next J at higher frequency. This makes measurement 
somewhat inaccurate for a number of the K lines of 
higher J. 

The assignments follow from the first appearance of 
the K structure with increasing J. Since K<J, there 
are J—1 components of the K structure for a given J 
in the P branch, and J components in the R branch. 
A second criterion is the fit of the lines in the analysis. 
Finally, a third criterion is provided by the intensities 
of the lines. Theory predicts that there should be a 
characteristic alternation of intensities of the K struc- 
ture, lines with K =0, 3, 6, 9, 12, --- having a statistical 
weight of 11, whereas the remaining lines have a sta- 
tistical weight of 8. In some cases, this alternation of 
intensities can be clearly seen, thus providing confirma- 
tion of the assignment. However, the overlapping of the 
lines at high J values largely obscures the effect. In 
fact, for the lines with very high J, the overlapping is 
so severe that it has not been possible to assign the lines 
with confidence. It is also possible that perturbations 
occur for high J in the upper state. The lines that have 
been assigned are listed in Table I. 

A definite perturbation occurs in the upper state of 
the band at J’=13 and J’=14. Some of the other lines 
are affected by this perturbation, but not sufficiently to 
affect the assignment. Such perturbations are elimi- 
nated in taking combination differences and hence do 

‘D. R. J. Boyd and H. W. Thompson, Proc. Roy. Soc. (London) 
A216, 143 (1952). 

5D. R. J. Boyd and H. W. Thompson, Trans. Faraday Soc. 49, 


1281 (1953). 
°L. F. H. Bovey, J. Chem. Phys. 21, 830 (1953). 





not affect the validity of the results for the ground 
state. The effect of this perturbation on the P branch 
of the band is shown in Fig. 2. The effect on the R 
branch is entirely similar. The rotational constants 
were evaluated as by Bovey® for CD;H. The rotational 
energy levels, neglecting perturbations, are given by 


F(J,K)=BJ(J+1)+(A—B)K?—D!F2(J +1) 
—D!KJ(J+1)K?—D*K‘, (1) 


For a parallel type band, the selection rules are 
AJ=0, +1; AK=0. (2) 


The combination differences between lines of the same 
K in the P and R branches are 


AoF(J,K)/J+4 
=[4B—6D/ —4D/*K*]—8D/(J+})*, (3) 


where A,F(J,K) is given by [R(J—1,K)—P(J+1,K) ] 
for the lower state, and by [R(J,K)—P(J,K) ] for the 
upper state. Finally, the combination sums are 


R(J—1,K)+P(J,K) 
= 2vo+2(Bo— Bo) J?+2[ (A or A 0) -_ (Bo— Bo) |K? 
—2(Do — Do!) (J +1) 
— 2(D2!*— Dy! *) ?K?—2(D2*—DoX)K*. (4) 


The value of Do’ was determined from the wave 
numbers of the peaks formed by the unresolved lines 
with K26, using Eq. (3) for the ground state, and 
putting K=0. This gives a better value for Do’ than 
could be obtained from the resolved K lines, since the 
data are more extensive and the positions of the peaks 
are less liable to be disturbed by overlapping lines than 
are the relatively weak resolved K lines. Similar curves 
were then plotted for the ground-state combination 
differences for the other K values, but making Do’ in 
each case equal to that found from the plot of the un- 
resolved peaks. From these graphs, values of 4By>—6Do” 
—4D,’*K? were obtained from the intercepts at 
(J+4)?=0. By plotting these intercepts against K?, 
the quantity [4B)—6D,’ ] was found as the intercept 
K=0, while the slope of the plot gave 4D)’*. In this 
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TABLE I. Wave numbers of the identified lines of the 2v1 band of Si?*D;H. 











F K R(J) P(J) Pi K R(J) P(J) 
cm™!, vac cm™!, vac 
0 . 4310.66 17 7 4365.69 4243.21 
1 . 4314.17 17 8 4365.81 4245.39 
2 ee 4317.64 4299.97 a7 9 4366.08 4243.60 
3 . 4321.07 4296.39 17 10 4366.33 4243.82 
+ tee 4324.45 4292.76 17 11 4366.59 4244.07 
2 oe 4327.80 4289.10 17 12 4366.88 4244.40 
6 see 4331.12 4285.37 17 13 4367.23 4244.71 
6 5? 4331.50 17 14 4367.61 4245.11 
6 6 4331.67 17 15 4245.35 
7 ee 4334.39 4281.62 17 16 (4255.77) 
7 6 4334.77 4282.01 18 tes 4367.99 4238.69 
7 7 4334.96 18 5 4368.18 
8 tee 4337.63 4277.86[ether 18 6 4368.37 4239.05 
8 6 4338.02 impurity 18 7 4368.52 4239.15 
8 7 4338.19 band ] 18 8 4368.72 4239.35 
8 8 4338.41 18 9 4368.97 4239.56 
9 aera 4340.83 4274.08 18 10 4369.18 4239.79 
9 5 4341.07 18 11 4369.47 4240.07 
9 6 4341.20 4274.45 18 12 4369.74 4240.64 
9 7 4341.41 4274.61 18 13 4240.98 
9 8 4341.61 4274.81 18 14 4241.36 
9 9 4341.78 18 15 4241.60 
10 tee 4343.99 4270.24 19 see 4370.84 4234.59 
10 6 4270.62 19 6 4371.16 4234.88 
10 7 4344.50 4270.78 19 7 4371.31 4235.06 
10 8 4344.78 4270.98 19 8 4371.54 4235.26 
10 9 4344.94 4271.07 19 9 4371.74 4235.45 
10 10 4345.19 19 10 4372.07 4235.70 
11 ee 4347.18 4266.39 19 11 4372.23 4235.94 
11 5 4347.38 4266.61 19 12 4372.56 4236.22 
11 6 4347.46 4266.78 19 13 4372.88 4236.51 
11 7 4347.68 4266.93 19 14 4373.24 4236.88 
11 8 4347.86 4367.11 19 15 4237.25 
11 9 4348.08 4267.33 19 16 4237.59 
11 10 4348.34 4267.55 20 tee 4373.64 4230.46 
11 11 4348.62 20 5 4230.68 
12 see Perturbed 4262.51 20 6 4230.83 
12 6 strongest line: 4262.88 20 7 4230.95 
12 7 4350.18 4263.04 20 8 4231.15 
12 8 4263.23 20 9 4374.50 4231.37 
12 9 4263.44 20 10 4374.80 4231.60 
12 10 4263.67 20 11 4375.01 4231.88 
12 11 4263.94 20 12 4375.34 4232.13 
13 ee Perturbed 4258.64 20 13 4375.65 4232.41 
13 6 strongest line: 4258.92 20 14 4375.97 4232.73 
13 7 4353.52 4259.12 20 15 4233.14 
13 8 4259.31 20 16 4233.47 
13 9 4259.52 20 17 4233.92 
13 10 4259.77 21 tee 4376.35 4226.37 
13 11 4260.01 21 6 4226.62 
13 12 (4260.29) 21 7 4226.82 
14 see 4356.39 Perturbed 21 8 4377.07 4227.02 
14 6 4356.69 strongest line: 21 9 4377.29 4227.23 
14 7 4356.90 4254.61 21 10 4377.53 4227.46 
14 8 4357.07 21 11 4378.08 4227.70 
15 ee 4359.32 Perturbed 21 12 4227.99 
15 5 4359.56 strongest line: 21 13 4228.28 
15 6 4359.65 4250.92 21 14 4228.58 
15 7 4359.85 21 15 4228.94 
15 8 4360.02 22 ne 4370.05 4222.25 
15 9 4360.26 es ee 
15 10 4360.48 22 9 4223.04 
15 11 4360.81 22 10 4223.31 
15 12 4361.09 22 11 4223.55 
15 13 4361.44 22 12 4223.81 
15 14 4361.84 Ze 13 4224.11 
16 ee 4362.28 4246.79 22 14 4224.41 
16 6 4362.64 Ze 15 4224.72 
16 7 4362.78 22 16 4225.06 
16 8 4362.99 22 17 4225.46 
16 9 4363.20 23 one 4381.70 4218.05 
16 10 4363.45 24 4384.40 4213.86 
16 11 4363.73 25 4386.96 4209.63 
17 alg 4365.15 4242.72 26 4398.47 4205.40 
17 6 4243.03 27 Indefinite 4201.18 
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STRUCTURE OF SILANE, 


INFRARED SPECTRUM OF SiD;H 
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Fic. 2. A portion of the P branch of the 2»; band of SiD;H showing the effect of the perturbation. The effect 
on the lines of the R branch is similar. 


way, it was found that 
Bo=1.7755+0.0008 cm“. 


The indicated error includes the aforementioned al- 
lowance for a possible systematic error in the calibra- 
tion. Do’ was found to be 1.67, 10-* cm™ and D,/* 
to be —(1.26+0.2)10-° cm. The negative value 
for D/* is analogous to the negative value found for 
this quantity in CD;H by Bovey.*® 

On account of the perturbation of the upper state, 
it is not possible to determine the rotational! constants 
of that state with precision. By forming the combina- 
tion sums, Eq. (4) for K=0 with the wave numbers of 
the unresolved peaks that do not appear to be per- 
turbed greatly, and plotting them against J?, B.—Bo 
was found to be —0.01628 cm~. The band center found 
from this graph needs to be corrected for the influence 
of the K structure. Again using Eq. (4) and now plotting 
the combination sums against K?, for each value of J, 
values of (A2—Ao)—(B2—Bo) are obtained from the 
slopes. A mean of these values, together with the value 
obtained above for B,.—Bo, gave A2—Ao=—0.0039 
cm™!. From the intercepts of the plots for (A2—Ao) 
— (B,— Bo) and the value of (B.— Bo) obtained from the 
unresolved peaks, the band center was found to be 
4307.09 cm™. The random error of this determination 
was about 0.01 cm™, but a systematic error of up to 
(0.1 cm™ over the whole band is possible from differences 
in the collimation of the calibration and infrared 
systems. In all the determinations involving Eq. (4), 
the differences in the centrifugal distortion terms were 
neglected. The constants derived in this way are col- 
lected in Table II. 


TABLE II. Constants of Sid;H. 








Bo=1.7755+0.0008 cm 
B,— By= —0.01628 cm 
A»— Ao= —0.0039 cm 
vo(Si2D3;H) =4307.09 cm+0.01 cm7+0.1 cm™ 
Avo(Si#D;3H)= 2.27 cm™ 
Av (Si®D3H)=4.37 cm™ 
1 3=15.764X 10 g cm? 


Do! = 1.676% 10 cm 
Do * = — (1.26+0.20) X 10-5 cm™ 


ro= 1.4798+0.0004 A 











In addition to the principal band attributed to 
Si?2D;H, two weaker satellite bands due to Si®D;H 
and Si®°*D3H have been observed. The isotopes Si” and 
Si** occur in natural Si to the extent of 4.67 percent and 
3.05 percent, respectively.” The rotational isotope effect 
is very small, since the Si nucleus lies near the center 
of mass of SiD;H, and was not detected in the present 
work. The vibrational isotope effect is small, but still 
noticeable. It may be estimated roughly by treating 
SiD;H as a diatomic molecule with H as one of the 
atoms and a mass intermediate between that of Si and 
SiD; as the other. It may be shown that the isotope 
shift Av; is given by 


ML Hy 
anett-nin, o=(*) 
Mi 


where u is the reduced mass of the ‘‘diatomic molecule” 
Si?8D3H, u; is the reduced mass of Si**D;H or Si*D;H, 
and » is the wave number of the band. The shift, pre- 
dicted by this formula for the band center of Si”D;H, 
lies between 1.8 and 2.6 cm~, and that of Si®°™D;H be- 
tween 3.4 and 5.0 cm. The observed shifts are 2.27 
cm and 4.37 cm~, respectively. Since the bands are 
weak, only the “‘lines’”’ corresponding to the unresolved 
structures for low K values were observed. The lines 


TABLE III. Identified lines of the 2»; band of Si”D;H. 

















J R(J) P(J) 
0 4318.35 
1 4311.87 
2 4315.38 (4297.73) 
3 4318.79 4294.12 
4 4322.18 4290.47 
5 4325.55 4286.81 
6 4328.86 4283.11 
7 4332.10 4279.38 
8 4335.36 4275.64 
9 4338.53 4271.82 
10 4341.78 4267.98 
11 4264.13 
12 (4260.29) 
13 (4256.35) 








7M. G. Inghram, Phys. Rev. 70, 653 (1946). 
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TABLE IV. Identified lines of the 2»; band of Si®D.H. 











J R(J) P(J) 
1 4309.82 
2 4313.28 
3 4316.70 4292.04 
4 4320.06 4288.39 
5 4323.43 4284.68 
6 4326.75 4281.13 
7 4330.00 4277.30 
8 4333.27 4273.50 
9 4336.49 4269.72 
10 4339.62 4266.01 
11 4342.77 4262.08 
12 4258.21 








attributed to Si2D;H are listed in Table III and those 
attributed to Si®D;H in Table IV. 


DISCUSSION 


The moment of inertia in the ground state J,° is 
given by 


I p°=h/8r'*cBo= 





9 
X10- g cm? 


=15.764X10- ¢ cm’, (5) 


using the values for the fundamental constants given 
by Dumond and Cohen? and the value for By derived 
previously. 7° may also be expressed in terms of the 
structural parameters as follows: 


[;°= mary +3 (1++cos*)mprp? 
— (muru—3 cosd-mprp)’/M, 


(6) 


where my and mp are the masses of the H and D atoms, 
M is the total mass of the molecule, ¢ is the angle be- 
tween a Si-D bond and the symmetry axis of the 
molecule, and ry and rp are the Si-H and Si-D distances 
in the ground state. 

If we make the assumption that the Si-H and Si-D 
distances are the same in the ground state, and that the 
angles between the bonds are tetrahedral, the value 
of the Si-H bond distance is found from Eqs. (5) and 
(6) to be 1.4798+0.0004 A. The validity of these as- 
sumptions may be checked from the results for the 


8 J. W. M. Dumond and E. R. Cohen, Revs. Modern Phys. 25, 
691 (1953). 


OB.) Mi '§. 


BOYD 


analogous case of CH, which has been studied more 
extensively than SiH,. Bovey,® from the spectrum of 
CHD; in the photographic infrared, assuming 7»(C— H) 
=ro(C—D), found the C—H distance to be 1.0919 A; 
Boyd and Thompson,‘ from the infrared spectrum of 
CH;D, found the C—H distance to be 1.0936 A, while 
Stoicheff, Cumming, St. John, and Welsh,® from the 
Raman spectrum of CHy4, found the distance to be 
1.0927 A. It is therefore expected that the value 1.4798 A 
for the Si-H distance derived from SiD;H, assuming 
r(SiH)=r(SiD), will be close to the true value and 
probably slightly lower rather than higher. 

The only other precise determination of the Si-H 
distance in the literature was that of Tindal, Straley, 
and Nielsen! who studied the fundamental infrared 
absorption bands and obtained a value of 1.45.A 
(as corrected by Herzberg”). This appears to be some- 
what low. The discrepancy between their value and the 
present result is probably ascribable to the extreme 
perturbation of the v, band of SiH, which makes as- 
signment of the lines difficult. Moreover, since the P 
and R branches of this band do not have a common 
upper state, on account of the first-order Coriolis inter- 
action, the perturbation is different in each branch and 
cannot be treated by the combination principle. 

In the course of this work, it was learned that the 
spectrum of SiH;D had been studied recently by Polo 
and Wilson,!® who obtained a value of 1.477+0.003 A 
for the Si-H distance. This is in excellent agreement 
with the present value. 
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A simple and reliable apparatus has been developed for the determination of low-temperature ultraviolet 
absorption spectra in rigid glass media. This apparatus is particularly suitable for the measurement of 
accurate absorption intensities and has been used for the determination of the ultraviolet absorption 
spectra of naphthalene, 2-methylnaphthalene, and 2,6-dimethylnaphthalene at the temperature of boiling 
nitrogen (77°K). A comparison of these low-temperature spectra provides evidence that the electronic 
transition of naphthalene in the 2900-3200 A range is symmetry allowed. 





INTRODUCTION 


HE purposes of this paper are (a) to describe an 

apparatus which is useful for the experimental 
determination of the ultraviolet absorption spectra of 
molecules contained in rigid glass media at liquid nitro- 
gen temperatures, and (b) to give the ultraviolet ab- 
sorption spectra of naphthalene, 2-methylnaphthalene, 
and 2,6-dimethylnaphthalene in 3-methylpentane rigid 
glass at 77°K, and (c) to discuss briefly these spectra 
with regard to current theoretical studies of the elec- 
tronic states of naphthalene. 

Much of the present interest in ultraviolet absorption 
spectra at liquid-nitrogen temperature stems from the 
fact that at this temperature the absorption bands of 
aromatic molecules are generally much sharper than at 
room temperature. Although experimental techniques 
for the determination of low-temperature spectra in rigid 
glass media have been discussed by numerous authors,! 
there have been relatively few attempts to determine 
accurate absorption intensities at these temperatures.?~* 
The apparatus for the determination of low-temperature 
spectra described in the present paper has been designed 
for adaptation to the Cary Model 11 Recording Spectro- 
photometer and is thought to represent certain improve- 
ments over the earlier work referred to in the afore- 
mentioned either with regard to the determination of 
accurate absorption intensities, or simplicity, or both. 

It has been pointed out previously that a comparison 
of the low-temperature absorption spectra of naphtha- 
lene and methylnaphthalenes provides strong evidence 
that the 2900-3200 A transition in naphthalene is an 
even-odd (g—>u) symmetry allowed electronic transi- 
tion. The present paper gives the spectra on which 
this conclusion was based. In addition the present paper 
compares the low-temperature spectrum of naphthalene 


‘G. N. Lewis and D. Lipkin, J. Am. Chem. Soc. 64, 2801 (1942); 
R. N. Beale and E. M. F. Roe, J. Sci. Instr. 28, 109 (1951); 
Sinsheimer, Scott, and Loofburrow, J. Biol. Chem. 187, 299 (1950), 
describe an apparatus for obtaining low-temperature spectra and 
review a number of earlier techniques. 

?W. J. Potts, J. Chem. Phys. 21, 191 (1953). 

*R. Passerini and I. G. Ross, J. Sci. Instr. 30, 274 (1953). 

*E. Clar, Spectrochemica Acta 4, 116 (1950). 

(1933) McConnell and D. S. McClure, J. Chem. Phys. 21, 1296 
53). 


reported here with the spectra obtained previously by 
Kasha and Nauman,° and by Clar.‘ 


EXPERIMENTAL 
Apparatus 


The low-temperature apparatus briefly described in 
the present section was designed for adaptation to a 
Cary Model 11 Recording Spectrophotometer. Aside 
from this adaptation, the present design was evolved 
in an effort to avoid or mitigate some of the character- 
istic difficulties associated with the experimental deter- 
mination of low-temperature absorption spectra. Such 
difficulties include poor reproducibility and accuracy 
in absorption intensity determinations, absorption cell 
breakage at reduced temperatures, and long and tedious 
manipulations required for the repeated preparation 
and cooling of samples. 

As indicated in Fig. 1, the present apparatus consists 
of a sample cell assembly and a metal-jacketed quartz 
Dewar having four plane-parallel quartz windows. The 
sample cell itself is a U-shaped stainless steel form 
1-cm thick with two flat quartz windows held in place 
by means of rubber bands. A thin film of glycerine 
between the quartz and metal frame acts as a liquid seal 
for hydrocarbon rigid glass solvents. Quartz plates so 
attached break only very infrequently; on those in- 
frequent occasions when the plates do break, they are 
so quickly and inexpensively replaced that this breakage 
is of little consequence. 

The all-quartz Dewar was made by the Hanovia 
Chemical and Manufacturing Company, but was 
silvered and evacuated in this Laboratory. The Dewar 
is mounted in a metal jacket for protection and support. 
This jacket, in turn, is attached to a cover plate (not 
shown in Fig. 1) which fits the cell compartment of the 
spectrophotometer and positions the Dewar so that the 
light beam passes through the absorption cell. 

The absorption cell is supported in the Dewar by 
means of two #-inch stainless-steel tubes which in turn 
are attached to a single }-inch stainless-steel tube which 
extends up through the cover of the metal jacket above 
the Dewar. This cover is sealed in place with an “O”’ 
ring and is provided with a vent with a removable cap. 


6 M. Kasha and R. V. Nauman, J. Chem. Phys. 17, 516 (1949). 
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A six-volt electrical heater is located beneath the cell 
with leads up to a plug outlet located on the cover. 


Procedure 


The spectrum of a sample is obtained as follows. The 
sample, dissolved in a suitable solvent, is placed in the 
cell and the cell covered with a Teflon cover. A funnel 
containing an ordinary folded filter is placed in the top 
of the Dewar assembly and liquid nitrogen poured 
through the filter until the quartz Dewar is about 3 full. 
This filtering very effectively removes ice particles 
which are often present in laboratory vessels of liquid 
nitrogen. Then, with the vent cap removed, the cell 
containing the sample is slowly lowered into place. 
When the bubbling of the liquid nitrogen has nearly 
ceased, indicating that the sample is entirely cooled, 
the vent on the cover is closed and the electrical heater 
is turned on. This vaporizes part of the liquid nitrogen 
so that the resultant gas pressure in the closed Dewar 
forces excess liquid nitrogen up the stainless-steel 
support tube, and out through the cover. As soon as 
the level of the liquid nitrogen is below the optical light 
path, the heater is turned off and the absorption spec- 
trum recorded in the usual manner. The observed spec- 
trum is corrected by means of a blank obtained by 
running the solvent in exactly the same manner. 


Performance 


This apparatus has been in use for some time with 
quite satisfactory results. Tests with a thermocouple 
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Fic. 1. Apparatus for the determination of low- 
temperature ultraviolet absorption spectra. 
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Fic. 2. The absorption spectrum of naphthalene at 25°C in iso- 
octane (----) and at 77°K in 3-methylpentane rigid glass (—). 


in the absorption cell showed that the temperature of 
the absorption cell remains constant for at least thirty 
minutes after cooling and removing excess liquid 
nitrogen. This is an adequate time for the recording of 
a spectrum. Absorbances at wavelengths above 2200 A 
were found to be reproducible to +0.02 absorbancy 
(optical density) unit. Much of this uncertainty seems 
to be due to variations in the light scattering by the 
hydrocarbon glass. Since this error is nearly independent 
of wavelength, the net error can be reduced to as little 
as +0.005 absorbancy unit by zeroing the instrument 
at a wavelength where it is known that the sample is 
transparent. A similar correction for this type of error 
has been discussed by Potts? for a low-temperature 
absorption cell used with a Beckman Model DU 
Spectrophotometer. 

The low-temperature spectra of a series of samples 
is readily measured by merely cleaning and drying the 
sample cell assembly between runs. No special cleaning 
of the Dewar between runs is necessary provided the 
top of the Dewar is kept covered to prevent the diffusion 
of water vapor (air) into the Dewar. The metal extension 
tube above the Dewar serves to reduce this effect for 
short periods when the Dewar must be uncovered. 


Materials 


The rigid glass used for the present work was Phillips 
3-methylpentane cooled to 77°K. The 3-methylpentane 
was purified and dried by passing it through silica gel 
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Fic. 3. The absorption spectrum of 2-methylnaphthalene 


in 3-methylpentane rigid glass at 77°K. 


vd 
io) 


several times.’ When purified in this manner the hy- 
drocarbon glass does not usually crack even when in 
contact with boiling nitrogen for periods of several 
hours and the glass has essentially 100 percent trans- 
mission in a one-centimeter cell at wavelengths above 
2200 A. (No effort was made to investigate the effects 
of various modes of purification on the transmission of 
this glass below 2200 A.) A number of experiments 
showed the contraction factor of 3-methylpentane in 
going from room temperature (25°C) to 77°K to be 
1.28+0.01. All spectral intensities reported in the 
present work have been corrected for this contraction. 

Bakers CP naphthalene was recrystallized four times 
from ethyl alcohol and then sublimed. The calori- 
metrically determined purity was 99.92 mole percent.® 

The 2-methylnaphthalene was a National Bureau of 
Standards special sample of 99.90+-0.05 mole percent 
purity. The 2,6-dimethylnaphthalene was obtained 
from the Edcan Laboratories and was recrystallized 
from ethyl alcohol. The calorimetrically determined 
purity was 99.8 mole percent. 


THE 2900-3200 A ABSORPTION TRANSITION 
IN NAPHTHALENE 


Our hitherto unpublished spectra of naphthalene, 2- 
methylnaphthalene, and 2,6-dimethylnaphthalene given 
in Figs. 2, 3, and 4 were used previously by McConnell 





"Similar treatment of the much cheaper Phillips “(Commerical 
Grade Methylpentanes” gives an equally satisfactory glass with 
the same contraction factor as 3-methylpentane. 

*D. D. Tunnicliff and H. Stone, Anal. Chem. 27, 73 (1955). 
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and McClure’ as evidence that the 2900-3200 A ab- 
sorption transition of naphthalene is a symmetry 
allowed even-odd electronic transition. This conclusion 
regarding the symmetry of this upper state of naphtha- 
lene was based on the fact that the intensity of the (0,0) 
band in the (almost) centrally symmetric 2,6-dimethyl- 
naphthalene molecule is some seventy times higher 
than the intensity of the (0,0) band in naphthalene. 
Platt® has previously proposed that this transition is 
even-odd symmetry allowed, both on the basis of 
over-all intensity changes on opposed disubstitutions 
and on the basis of a free-electron model for catacon- 
densed polyaromatics in which this transition is called 
14—'!L,. Recent work on the crystal spectrum of 
naphthalene also indicated this transition to be sym- 
metry allowed." Other attempts to decide whether this 
electronic transition is gg or g—u are reviewed and 
discussed by Sponer and Nordheim." 

The following brief discussion of the 2900-3200 A 
absorption spectrum of naphthalene is based on the 
conclusions that this transition is symmetry allowed, 
and that the upper-state vibrations are totally 
symmetric. 

Since the numerical values of the vibrational intervals 
in the 2900-3200 A absorption transition of naphthalene 
play such an important part in theoretical discussions 


10000 





tit 
eee 


5000 


2000 1000 0 


—_ Frequency Interval (em~') = 


1900 


eeogr 


i 


Molar Absorptivity, « (Liters per Mole-Centimeter) 
l 








100 Pee ee aS aS ee SS 


3000 3100 3200A 











Fic. 4. The absorption spectrum of 2,6-dimethylnaphthalene 
in 3-methylpentane rigid glass at 77°K. 


*J. R. Platt, J. Chem. Phys. 17, 484 (1949); 19, 1418 (1951). 


( OQ. Schnepp, and D. S. McClure, J. Chem. Phys. 21, 159 
1953). 

11H. Sponer and G. P. Nordheim, Disc. Faraday Soc. No. 9, 
19_ (1950). 
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TABLE I. Absorption frequencies in the 2900-3200A 
naphthalene transition. 
Kasha and 
Nauman* Clar> This worke 
(vy —31 737) (v —31 800) (vy —31 730) Assignments 
0 0 0 (0,0) 
367 440 430 v1 
700 700 710 V2 
859 880 910 V3 
1073 1120 1130 vite 
1366 1390 1420 2v2 
(1891?) 1620 1610 vetv3 
(1822?) 1900 1900 vit2v2 
2120 2130 3v2 
2390 2400 ? 











a Ether-isopentane-alcohol rigid glass at 77°K. 
b Ethyl alcohol-methyl] alcohol mixture at 103°K. 
¢ 3-Methylpentane rigid glass at 77°K. 


of the symmetry character of this transition, the 
vibrational intervals obtained from the data in Fig. 2 
are compared in Table I with those obtained by Kasha 
and Nauman® and those calculated from a spectrum 
obtained by Clar.* The spectrum of Kasha and Nauman 
was obtained in ether-isopentane-alcohol rigid glass at 
77°K and the spectrum of Clar was obtained in a 
mixture of methyl and ethyl alcohols at 103°K. 

The absorption frequencies given in Table I are 
measured relative to the (0,0) band found to be at 
31 737 cm™ by Kasha and Nauman, at 31 800 cm™ 
from the data of Clar, and at 31 730 cm™ (3152 A in 
Fig. 2) in the present work. The evidence that this band 
is the (0,0) is discussed by Kasha and Nauman,® and 
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Fic. 5. The absorption spectrum of naphthalene in 
3-methylpentane rigid glass at 77°K, 
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Fic. 6. The absorption spectrum of 2-methylnaphthalene 
in 3-methylpentane rigid glass at 77°K. 


by McConnell and McClure,®’ and by Sponer." The 
intervals obtained by Kasha and Nauman are generally 
about 50 cm~ less than the intervals obtained in the 
present work, whereas the average deviation between 
the intervals calculated from the data of Clar and the 
present results is only +15 cm, which is well within 
the probable experimental errors of +25 cm™ in our 
frequency intervals. (It is likely that there is a typo- 
graphical error in one or both of the frequencies 1891 
and 1822 cm reported by Kasha and Nauman,’ see 
Table I.) 

The assignments of the various vibrational bands 
given in Table I are the same as those proposed earlier 
except for the 1420-cm- and the 2400-cm™ bands.’ 
The 1420-cm™ vibrational frequency in Table I was 
previously regarded as the totally symmetric excited- 
state vibrational mode corresponding to the totally 
symmetric ground-state Raman frequency of 1380 cm™. 
Subsequent work on the low-temperature absorption 
spectrum of perdeuteronaphthalene has shown this 
assignment to be incorrect.!2 In Table I the 1420-cm™ 
band is interpreted as two quanta of the upper-state 
totally symmetric vibrational frequency, 710 cm™(v). 
The corresponding ground-state Raman frequencies 
are 746 or 764 cm“, or both. 

» The band 2400-cm— away from the (0,0) band was 
not reported previously and cannot be explained 
reasonably in terms of combinations of the fundamental 


1% H. McConnell and V, P, Guinn, unpublished experiments. 
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ABSORPTION SPECTRA OF METHYLNAPHTHALENES AT 77°K 
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Fic. 7. The absorption spectrum of 2,6-dimethylnaphthalene 
in 3-methylpentane rigid glass at 77°K. 


frequencies 71, v2, and v3. This band may belong to a 
shorter wavelength electronic transition. 

The room-temperature spectrum of naphthalene in 
isooctane solvent given in Fig. 2 can be used to calculate 
the separation of the (1,0) and (0,1) bands. The (1,0) 
band is at 3200A (one vibrational quantum in the 
ground state, and no vibrational quanta in the excited 
state), and the (0,1) band is at 3107 A. The (1,0)—(0,1) 
separation is 930 cm™. If the upper-state vibrational 
frequency of 430 cm is interpreted as corresponding 
to the totally symmetric ground-state Raman frequency 
of 512 cm™, then the sum of these two frequencies, 512 
+430=942 cm must be equal, within the experi- 
mental error, to the observed (1,0)—(0,1) separation 
of 930 cm. This is evidently true and is in accordance 
with the conclusion that the electronic transition is 
symmetry allowed and the observed upper-state vibra- 
tions are totally symmetric. Further evidence for this 
conclusion is supplied by the data in the next paragraph. 

If one assumes that the ratios of the transition in- 
tensities of the (0,1) and (1,0) bands are a measure 
of the ratio of the population of the vibrationless ground 
electronic state to the population of the ground elec- 
tronic state having one quantum of 512 cm™ energy, 
then one can check the observed intensity ratio using 
Boltzman’s law. The observed ratio of the peak absorp- 
tion intensities is €(3107 A)/e(3200 A) = (245 liter/mole- 
cm)/(19.2 liter/mole-cm) = 13. The calculated ratio is 


eo hev/kt — 196.2 
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TABLE II. Absorption frequencies of methylnaphthalenes 
in the 2900-3200 A range. 











2-Methyl 2,6-Dimethyl 
(vy —31 412) cm™ (vy —30 950) cm= Assignment 
0 0 (0,0) 
430 490 V1 
710 710 V2 
960 900 V3 
1140 1190 vitvre 
1410 1420 V4 
ae 1630 votvs 
1860 1910 vit2ve 
2150 2140 3v2 
eee 2860 2 








and for y=512 cm™ and T=300°K this ratio is 12, in 
satisfactory agreement with the observed ratio. Essen- 
tially similar results have been obtained by Knipe, 
Sponer, and Cooper in a study of the vapor spectrum 
of naphthalene as a function of temperature." 


THE 2900-3200 A ABSORPTION TRANSITIONS OF 
2-METHYLNAPHTHALENE AND 
2,6-DIMETHYLNAPTHALENE 


The low-temperature absorption spectra of 2-methyl- 
naphthalene and 2,6-dimethylnaphthalene in the 2900- 
3200 A wavelength range are given in Figs. 3 and 4. 
Evidence that the (0,0) bands of the monomethy] and 
the dimethylnaphthalenes are at 31 410 and 30 950 cm~! 
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Fic. 8. Absorption spectra in 3-methylpentane rigid glass at 
77°K: (a) naphthalene, (b) 2-methylnaphthalene, (c) 2,6-di- 


methylnaphthalene. 


18 Knipe, Sponer, and Cooper, J. Chem. Phys. 21, 376 (1953). 
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TABLE III. Absorption frequencies and intensities of naphthalene 
and methyInaphthalenes in the 2400-2900 A range. 











Naphthalene 2-Methylnaphthalene 2,6-Dimethylnaphthalene 

(cem=!) (1/mole-cm) (cm) (1/mole-cm) (cm~!) (1/mole-cm) 
34 110 640 | 34 410 wey 34 950 LS 5004 
34 590 5650 34 700 4420 35 250 secu 
34 920 3550 35 130 [3800 | 36 070 [4850 
35160 [4130] 35760 P5004 36460 [5620] 
35600 [3620] 36170 [6620] 37520 [4920] 
36 040 te700 36 260 [5300 37 890 [4780 | 
36 520 5720 38 250 [4200 

37 130 bsi00 

37 430 6100 

37 940 4470 

38 540 3750 

38910  [4850) 








has been discussed previously.° Table II gives the 
analysis of the vibrational bands seen in Figs. 3 and 4. 
Note that in Table II the absorption band 1420 cm™ 
away from the (0,0) band is called v4, and is here re- 
garded as a totally symmetric carbon skeletal vibration 
similar to the 1380 cm™ ground-state Raman frequency 
of naphthalene. The 1420 cm vibration in the upper 
state of the 2900-3200 A absorption transition of 
naphthalene is, on the other hand, interpreted as two 
quanta of the 710 cm™ totally symmetric upper-state 
frequency. These assignments have been based in part 
on a comparison of the low-temperature spectra of 
naphthalene— dg and 2,6-dimethylnaphthalene— d,.” 


THE 2400-2900 A ABSORPTION TRANSITIONS 
OF NAPHTHALENE AND 
METHYLNAPHTHALENES 


The low-temperature absorption spectra of naphtha- 
lene, 2-methylnaphthalene and 2,6-dimethylnaphtha- 
lene in the 2400-2900 A range are given in Figs. 5, 6, 


and 7. No detailed analysis of the band systems in these 
figures will be attempted here because (1) the observed 
bands are in many cases quite diffuse, (some bank peaks 
are uncertain by as much as 100 cm~), (2) the location 
of the (0,0) bands is not certain, especially in the cases 
of the methylnaphthalenes, and (3) more than one 
electronic transition may be responsible for the ob- 
served absorptions in the 2400-2900 A range. A tabula- 
tion of the absorption frequencies and intensities of the 
principal absorption bands in Figs. 4, 5, and 6 are given 
in Table III. The only predominant frequencies found 
in the spectra in Figs. 5 and 6 are ca 1430 cm™ and 
500 cm. These are probably the upper-state fre- 
quencies corresponding to the ground-state Raman 
frequencies of 1380 and 512 cm™. Similar frequency 
intervals have been noted in the crystal spectrum of 
naphthalene.” 

It may be mentioned here that further studies on 
substituted naphthalenes may give much more useful 
information regarding the excited-state vibrational 
frequencies for the 2400-2900 A naphthalene absorption 
transition. Thus, this transition shows much sharper 
vibrational structure in naphthalene-ds and acenaph- 
thene.!2 Such studies may provide a useful supplement 
to investigations of this transition in crystals. 


THE 2200-2300 A ABSORPTION TRANSITIONS 
IN NAPHTHALENE AND 
METHYLNAPHTHALENES 


The low-temperature absorption transitions of naph- 
thalene, 2-methylnaphthalene, and 2,6-dimethylnaph- 
thalene are given in Fig. 8. The absorption bands of 
these strong allowed electronic transitions show totally 
symmetric vibrational frequencies of ca 720 and 
1400 cm. 
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Infrared Spectra and Structure of NaOH and NaOD* 


Witiam R. Businct 
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The infrared spectra of NaOH, NaOD, and mixtures of these compounds have been studied at room and 
liquid air temperatures. The results at room temperature, taken together with the Raman spectrum of NaOH, 
are consistent with the x-ray structure and hydrogen positions postulated in the present work. At liquid air 
temperature the spectrum of NaOD shows an unexpected complexity which cannot be explained at present. 





HE x-ray structure of a-NaOH has been reported 
by Ernst! but the positions of the hydrogen 
atoms have not yet been determined satisfactorily. One 
question of interest is whether hydrogen bonding occurs 
between the hydroxide ions of NaOH as it does between 
the anions of several acid salts.” In order to answer this 
question, as well as for the general purpose of studying 
the interaction of the vibrations of complex ions in 
crystals, the infrared spectra of NaOH,’ NaOD, and 
mixtures of these compounds have been studied at 
room and liquid air temperatures. The room tempera- 
ture results for NaOH will be compared with the 
corresponding Raman frequency. It will be shown that 
these spectroscopic data taken together with the x-ray 
results indicate that hydrogen bonding does not occur 
in NaOH and that the interaction of the OH stretching 
vibrations is small. 


THE STRUCTURE OF NaOH 


Ernst was able to prepare crystals of NaOH for his 
x-ray study and therefore could obtain Weissenberg and 
rotation photographs as well as powder patterns. A unit 
cell of the orthorhombic lattice is shown at the left in 
Fig. 1. The positions of the sodium and oxygen atoms 
were determined from the x-ray intensities and they 
agree very well with known values of the ionic radii. 
This is a layer structure in which each layer has ap- 
proximately the NaCl arrangement. These layers are 
arranged in such a way that displacing alternate ones 
a distance a/2 in the x-direction would give the entire 
crystal a pseudo-NaCl structure. Ernst has found that 
the cleavage of sodium hydroxide along the (001) plane 
(parallel to the layers) is excellent and that cleavage is 





* This research was supported in part by the U. S. Air Force 
under contract monitored by the Office of Scientific Research, 
Air Research and Development Command. 

t Present address: Chemistry Division, Oak Ridge National 
Laboratory, Oak Ridge, Tennessee. 

t Contribution No. 1249. 

‘T. Ernst, Nachr. Akad. Wiss. Gottingen, Math.-physik. K1., 
Math.-physik.-chem. Abt. 76 (1946). 

*See, for example, L. Pauling, Nature of the Chemical Bond 
(Cornell University Press, Ithaca, New York, 1945), second edi- 
tion, Chap. IX. 

* The infrared spectrum of NaOH has previously been reported 
by Ghosh and Chatterjee, Z. Physik 72, 542 (1931), but their 
results were quite different from those of the present study, per- 
haps because these workers did not protect their sample from 
atmospheric water vapor. 


also good along the (110) planes as is to be expected 
from this structure. 

Basing his argument on the optical properties of the 
crystal, Ernst has assigned positions to the hydrogen 
atoms so that the OH dipole is parallel to the y-axis. 
Such a structure seems unlikely, however, because it 
requires each hydrogen atom to be very close to two 
positive sodium ions. The arrangement might be stabil- 
ized by a strong hydrogen bond to the neighboring 
oxygen atom, but the O—H- --O distance in this case 
would be 3.40 A which is much larger than that usually 
found for this type of hydrogen bond.* 

If hydrogen bonding is not important, then more 
reasonable hydrogen positions are those shown in Fig. 1 
which could result from the repulsion of the protons 
for the five sodium ions which surround each oxygen 
atom. Assuming these hydrogen positions also permits 
us to interpret the relative placement of successive 
layers as the result of the repulsion of the positive 
hydrogens of one layer for the hydrogen atoms and also 
for the sodium ions of the next. It will be shown that 
this structure is consistent with the observed infrared 
and Raman spectra. 

In order to predict the selection rules for the vibra- 
tional spectrum, we need consider only a primitive 
unit cell® such as that shown at the right on Fig. 1. 
This cell contains two “molecules” of NaOH related to 
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Fic. 1. The crystal structure of NaOH showing the postulated 
hydrogen positions. At the right is a primitive unit cell which is 
derived from the larger cell as indicated by the dashed lines. 


4 See reference 2, p. 334. 
5S. Bhagavantam and T. Venkatarayudu, Proc. Indian Acad. 
Sci. 9A, 224 (1939). 
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each other by centers of symmetry. We will consider 
only the OH stretching vibrations since no others have 
been observed to date. The two hydroxide ions can 
couple with each other to give rise to two normal modes 
of vibration, one of which is symmetric with respect to 
the centers of symmetry while the other is antisym- 
metric. The symmetric vibration will be Raman active 
while the antisymmetric one will be active in the infra- 
red.® The difference between the infrared and Raman 
frequencies will therefore be a measure of the coupling 
between hydroxide ions. 


EXPERIMENTAL 


The cell used for these studies was similar to that 
described by Wagner and Hornig’ in which the sample 
is supported in a vacuum on an infrared window which 
can be cooled to liquid air temperature. A thermo- 
couple is mounted in this window so that temperature 
measurements can be made. 

The samples were prepared directly in the evacuated 
cell by condensing a thin film of reagent grade sodium 
metal on the window from an electrically heated plati- 
num boat. This film was then exposed to gaseous HO, 
D.O, or mixtures of the two. The pressure of the vapor 
was carefully controlled in order to prevent the forma- 
tion of hydrated NaOH. The spectra of some of the 
hydrates have been observed in other experiments and 
they are qualitatively quite different from those pre- 
sented here. 

In order to reduce scattering from the films it was 
necessary to build them up slowly by repeating the afore- 
mentioned procedure about two hundred times. Even 
so, the scattering was such that the samples were nearly 
opaque to visible light. The transmission at wave- 
lengths longer than 2u was satisfactory, however. The 
first twenty or thirty layers of each sample showed 
interference colors and from these the final thickness 
was estimated to be 5—6u. 
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Fic. 2. The infrared spectrum of NaOH at room temperature. 
The vertical lines are the frequencies of the single sharp Raman 
line as measured by Krishnamurti (dashed) and by Phillips 
(dotted). 


6 A rigorous derivation of these selection rules can be obtained 
by considering that each NaOH “molecule” occupies a site of 
Cov symmetry in a crystal of space group D2,'". See, for example, 
R. S. Halford, J. Chem. Phys. 14, 8 (1946); D. F. Hornig, J. Chem. 
Phys. 16, 1063 (1948). 

( . 0) L. Wagner and D. F. Hornig, J. Chem. Phys. 18, 296 
1950). 
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Fic. 3. The infrared spectrum of NaOD at room temperature. 


No differences were observed when supporting win- 
dows of NaCl, KCl, KBr, and CsBr were used inter- 
changeably and it is therefore believed that orienting 
effects were absent. One sample was prepared by evapo- 
rating NaOH itself and its spectrum did not differ from 
those of samples made by the other technique. 

The spectra were studied using a Perkin-Elmer 
Model 21 double-beam infrared spectrometer equipped 
with NaCl and LiF prisms. Although the absorption 
maximum of NaOH falls in the region of the 3 water 
band, atmospheric compensation was good and the 
background shown in Fig. 2 is typical. Dry nitrogen 
was blown through the instrument for some measure- 
ments, but this produced no significant change in the 
measured frequencies. 

Frequency measurements in the OH and OD regions 
were made by comparison with a calibration spectrum 
of atmospheric HO or of HCl gas which was super- 
imposed on each sample spectrum. The frequencies 
assumed for these standards were derived from those 
reported by Plyler and Sleator® and Meyer and Levin.’ 
Because the fine structure of the H,O bands and the 
isotopic splitting in the HCl spectrum are not resolved 
by the LiF prism, the frequencies used were weighted 
averages of the published values. For H.O, the vacuum 
correction was also made. 

The probable error of the frequency measurements is 
estimated to be +1.3 cm and +0.5 cm in the OH 
and OD regions, respectively. These figures were de- 
rived from the deviations of the individual measure- 
ments and from the scatter of the calibrating points 
about the calibration curves. 


RESULTS AT ROOM TEMPERATURE 


Except for weak bands which were attributed to 
traces of stopcock grease or of sodium carbonate, the 
only absorptions observed in the wavelength range 
from 1-15y were those in the OH or OD stretching 
region of the spectrum. The frequencies measured under 
various conditions are listed in Table I. 

Shown in Fig. 2 is the single sharp absorption of 
NaOH observed at room temperature with the Lif 
prism. The spectral slit width of about 8 cm7 is indi- 


8 E. K. Plyler and W. W. Sleator, Phys. Rev. 37, 1493 (1931). 
°C. F. Meyer and A. A. Levin, Phys. Rev. 34, 44 (1929). 
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cated in the figure. The band width at half-height ap- 
pears to be about 11 cm™ but the true line width is 
probably less than this. The observed frequency is 
3637.4 cm™; an average of four measurements on two 
samples. The band is similar in appearance to that 
which is found at 3678 cm in LiOH.” 

The vertical dashed line in Fig. 2 indicates the posi- 
tion of the single sharp Raman line at 3630 cm~ which 
was found by Krishnamurti" in his study of NaOH 
pellets. This frequency has been remeasured in our 
laboratory by Betty A. Phillips!’ who obtained a value 
of 3633.1:+0.9 cm. Her result is indicated by the 
dotted line in Fig. 2. Without making any assumption 
as to which value is more nearly correct, it seems fairly 
certain that there is a real difference of from 4 to 7 
cm between the frequency of the symmetric Raman 
vibration and that of the antisymmetric infrared 
vibration. 

Figure 3 shows the absorption peak found for NaOD. 
A spectral slit width of 3 cm~ was used in this wave- 
length region, and the band width at half height was 
about 6 cm. The observed frequency was 2681.; cm™, 
an average of six measurements on two samples. 

These spectra are consistent with the postulated 
structure of Fig. 1 in that one strong infrared active OH 
vibration and one strong Raman active one have been 
observed. It is probable that the two are of slightly 
different frequency and therefore represent the anti- 
symmetric and symmetric vibrational modes which 
were predicted. It should be clear that these observa- 
tions alone do not rule out other possible structures. 
They imply only that the two OH™ ions in each unit 
cell are antiparallel or almost so. 

Two more reasons for preferring a structure without 
hydrogen bonds may now be added to those already 
cited. First, the absorption bands are much sharper 
than those usually observed for the stretching vibra- 
tions of bonded hydrogens. The line width of the NH 
stretch in NH,Cl, for example, is 35 cm~. Secondly, 
the small splitting between the infrared and Raman 


TaBLE I, Infrared absorption frequencies of NaOH and NaOD 
(cm™ in vacuo). The probable errors for the OH and OD bands 
are +1.3 and +0.5 cm“, respectively. 











Sample 
Mole Mole 
percent percent Room temperature Liquid air temperature 
NaOH NaOD vOH voD vOH voD 
~100 ~0 3637.4 tee 3643. tee 
91 9 3636.3 2680.4 3642.6 2686.0 
11 89 3632.0 2680.9 ane = 
9 684.2 
+ sad sa (3622. (3675° 
2683.6 
<1 >99 2681.1 2673.6 
2663.1 











L. H. Jones, J. Chem. Phys. 22, 217 (1954). 

" P. Krishnamurti, Indian J. Phys. 5, 651 (1930). 

* B. A. Phillips and W. R. Busing (to be published). 

* D. F. Hornig, Discussions Faraday Soc. 9, 115 (1950). 





INFRARED SPECTRA AND STRUCTURE OF NaOH 









4 Fic. 4. a OH band in (a) 
ilute solid solutions of \/ 
NaOH in NaOD. (a) 11 (b) 
mole percent NaOH at 

room temperature. (b) 11 
mole percent NaOH at 
liquid air temperature show- 
ing a low frequency sholder 
similar to that of the OD 
band [Fig. 5(b)] (c) Still 
smaller fraction of NaOH 
at liquid air temperature 
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showing the double band 3700 3500 cm-! 
similar in shape to the OD : ! 1 
band [Fig. 5(c)]. FREQUENCY 


frequencies means that there is only weak coupling 
between the hydroxide ions. In a hydrogen bonded 
structure, however, we would expect this coupling to be 
strong. For example, in the extreme case of solid HC1"* 
the maximum splitting of the components is 131 cm™ 
as compared with our value of 7 cm™ or less for NaOH. 


DILUTE SOLID SOLUTIONS 


Hrostowski and Pimentel" have suggested that use- 
ful information could be obtained by studying the 
spectra of dilute solid solutions of isotopic substances. 
For example, we have studied a sample which consisted 
of 11 mole percent NaOH in 89 mole percent NaOD. 
The utility of this technique depends upon the fact that 
although the OH™ ions are in almost the same crystal- 
line field as in pure NaOH, they are unable to couple 
resonantly with their neighbors because these are, on 
the average, OD~ ions which have a drastically differ- 
ent natural frequency. Using first-order perturbation 
theory, Hornig" has shown that the frequency of such 
an isolated ion should be the root mean square of the 
frequencies which result when coupling is permitted. 
Thus, if our postulated structure is correct, the sample 
of NaOH in NaOD should show an OH frequency which 
is the root mean square of the infrared and Raman fre- 
quencies in pure NaOH. This result depends upon the 
assumption that the force constants are unchanged by 
isotopic substitution and that higher order perturba- 
tions are negligible. 

Observations on solid solutions of NaOH and NaOD 
are included in Table I, and Fig. 4(a) shows the OH 
absorption in 11 mole percent NaOH at room tempera- 
ture. The observed frequency is 3632.9 cm or about 
5 cm lower than that found in pure NaOH. This result 
is significantly different from the value of 3635..+0.8 
cm predicted by first-order perturbation theory if 
Phillips’ Raman frequency is taken as correct. If Krish- 
namurti’s measurement is used the agreement is slightly 
better but still not satisfactory. The discrepancy can 
probably be attributed to a failure of the assumptions 
mentioned above. 

The OD frequency in 9 mole percent NaOD at room 
temperature is almost identical with that in pure 


NaOD. The Raman frequency in NaOD has not been 


( “ rH J. Hrostowski and G. C. Pimentel, J. Chem. Phys. 19, 661 
1951). 
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(a) 


Fic. 5. The infrared 
spectrum of NaOD at 
(b) liquid air temperature 
showing the influence 
of small amounts of 
NaOH on the band 
shape. (a) Substantially 
pure NaOD. The sample 
is the same as_ that 
shown in Fig. 3. (b) 89 
(c) mole percent NaOD 
with 11 mole percent 
NaOH. (c) Sample con- 
taining something less 
than 10 mole percent 
- NaOH (see text). 


TRANSMISSION 
° 





2700 2600 cm! 
FREQUENCY 





reported but it can be inferred from this result that it 
is probably very close to the infrared frequency. 

At room temperature the frequencies which were due 
to the major components of these mixtures, i.e., that 
of the OH band in 91 mole percent NaOH and that of 
the OD band in 89 mole percent NaOD, were found 
to be the same as the frequencies in the pure sub- 
stances within experimental error. 


RESULTS AT LIQUID AIR TEMPERATURE 


The infrared spectra were also studied at sample 
temperatures from —165 to —175°C using liquid air 
as the coolant. Under these conditions the only changes 
in the spectrum of NaOH were a slight decrease in the 
band width and a frequency increase of about 6 cm™ 
(see Table I). This result is not surprising since NaOH 
has no phase transition between room temperature and 
60°K.'® Under the same conditions the sample of 91 
mole percent NaOH with 9 mole percent NaOD 
showed an OH band essentially identical with that in 
pure NaOH and a small sharp OD band (see Table I). 

Pure NaOD, however, has a very different spectrum 
at liquid air temperatures in which the single absorp- 
tion band is replaced by the triple band shown in 
Fig. 5(a). Table I lists the frequencies of the absorption 
maxima. The components are separated by about 10 
cm! and the high frequency peak corresponds approxi- 
mately with the room temperature band. This effect 
was observed with three samples on supporting win- 
dows of NaCl, KCl, and CsBr. 

Another sample of NaOD containing 11 mole percent 
NaOH failed to give the triple absorption but showed 


( aad 4 C. R. Kelley and P. E. Snyder, J. Am. Chem. Soc. 73, 4114 
1951). 
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instead the single maximum and trailing low frequency 
shoulder shown in Fig. 5(b). The frequency of greatest 
absorption (see Table I) corresponded approximately 
with the room temperature band in NaOD. In order to 
show that the failure to observe tripling was not the 
result of insufficient cooling, the sample temperature was 
lowered to —183°C by pumping on liquid nitrogen. 
The only effect was to increase the shoulder absorption 
slightly. It appears, therefore, that it is the presence of 
NaOH which inhibits the tripling. 

This was clearly demonstrated by the following ex- 
periment. One of the samples of NaOD in which the low 
temperature tripling had been observed was examined 
several days later and found to exhibit only the single 
band of Fig. 5(b). At the same time a weak OH band 
appeared in the spectrum indicating that the sample 
had become contaminated with NaOH, probably by 
exchanging with traces of H,O vapor in the vacuum 
system. An attempt was then made to remove the 
hydrogen by exchanging several times with D.O vapor. 
Apparently this was only partially successful because 
the low-temperature tripling was not completely re- 
stored. Instead, the double band shown in Fig. 5(c) was 
found. The frequencies of maximum absorption (Table I) 
corresponded almost exactly with the two high-fre- 
quency components of the triplet but the third com- 
ponent appeared only as a trailing shoulder. 

For each of these samples the OH band from the 
small amount of NaOH present was found to have a 
shape similar to that of the OD band. For example, 
the OH band in 11 mole percent NaOH has the low 
frequency shoulder shown in Fig. 4(b) and the sample 
which showed a double OD band also had the double 
OH band shown in Fig. 4(c). These OH frequencies are 
included in Table I. Samples for which the tripling of 
the OD band was found contained so little NaOH that 
no OH band could be observed. 

The interpretation of these complex band shapes is 
not clear at present. The possibility of resonance with 
harmonics of low frequency vibrations of the crystal 
seems to be ruled out by the observation that in a given 
sample the change in the OH band parallels that in the 
OD band. Another suggestion might be that the spec- 
tral changes are the result of some phase change which 
occurs in NaOD in liquid air temperature but which 
has a much lower transition temperature in NaOH. 
Solid phase transition temperatures in deuterium con- 
taining compounds are usually higher than those in the 
corresponding hydrogen compounds.!*-!7 But this would 
not explain the fact that a small amount of NaOH 
inhibits only the lowest frequency band of the OD 
triplet while a greater amount causes the two low-fre- 
quency bands to disappear. The situation would prob- 
ably be clarified by thermal studies on NaOD. 


16 A. Eucken, Z. Elektrochem. 45, 126 (1939). 
( =m Corbella, and Russell, J. Chem. Phys. 21, 1110 
1953). 
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Calculation of the Dipole Moment of the Carbon-Hydrogen Bond in Methane 
by the Thomas-Fermi Method*} 
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To compute the dipole moment of the CH bond in methane, the pyramids formed by the planes bi- 
secting the HCH bond angles were taken as elements of symmetry. Each pyramid encloses a carbon- 
hydrogen bond and the four close-pack to form the methane molecule. To symplify the problem, the pyramid 
was replaced by a cone of equal volume. The Thomas-Fermi equation was solved for the potential within 
this cone subject to the appropriate boundary conditions, on the IBM Type 701 electronic data processing 
machines, using the extrapolated Liebmann method. Boundaries were chosen about each nucleus on which 
the superposition solution was used. The equation was solved for carbon alone and then for carbon-hydrogen 
within the cone. The dipole moment was taken as the difference between the two in accordance with views 
recently expressed by Shull and by Coulson. The value obtained was 2.8D C+-H—. The large magnitude is 
attributed to the poor description of the system by the statistical theory. 





I. INTRODUCTION 


PPLICATION of the Thomas-Fermi model to 

even the simplest molecules has been limited 
because in molecules there is no longer spherical sym- 
metry and in the worst cases not even axial symmetry. 
As a result, the mathematical treatment of the problem 
becomes very difficult. In fact, it has been possible only 
in special cases to treat molecules. Recently there has 
been increased interest in this direction.!~* Of particular 
interest as far as diatomic molecules are concerned is 
the work of Glazer and Reiss? on ICI, of Sheldon and 
Thomas on the solution of the Thomas-Fermi-Dirac 
equation for the nitrogen molecule,® and the work of 
Gaspar and Konya® who obtained excellent results for 
the hydrogen-iodide molecule, considering the system 
as a proton pertubation of the iodide ion. 

The derivation of a new Thomas-Fermi equation by 
Plaskett’? may lead to interesting applications in the 
future, although at present it has been possible to 
validate the new equation in one dimension only. Also 
of possible future significance is the work of Brinkman,® 
who was able to reproduce the results of Hund? by 
linearizing the Thomas-Fermi equation. 

Our interest in computing the electron distribution in 
methane was stimulated by the successul application 

*Supported by the Air Force Cambridge Research Center, 
Geophysics Research Directorate, contract. 
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New Jersey. 
1H. Reiss and H. Saltsburg, J. Chem. Phys. 18, 1461 (1950). 
2H. Glazer and H. Reiss, J. Chem. Phys. 21, 903 (1953). 
3 W. A. Bowers, J. Chem. Phys. 21, 1117 (1953). 
Ne Bonet and A. V. Bushkovitch, J. Chem. Phys. 21, 2199 
5 J. W. Sheldon, IBM 701 Staff, New York, New York, private 
communication. 
(1988) Gasper and A. Konya, Acta. Phys. Acad. Sci. Hung. 3, 31 
7J. S. Plaskett, Proc. Roy Soc. (London) A66, 178 (1953). 
8H. C. Brinkman, Physica XX, 44 (1954). 
°F. Hund, Z. Physik 77, 12 (1932). 


of the Thomas-Fermi method to ICI.2 March” had 
treated methane already using the Thomas-Fermi 
equation in conjunction with the spherical approxi- 
mation of Buckingham, Massey, and Tibbs (BMT)." We 
have attempted to apply the Thomas-Fermi equation to 
methane without invoking the spherical approximation. 
Because of its importance there is a great deal of 
literature on methane and the dipole moment of the 
CH bond”: whose polarity has been a source of 
controversy for many years. Smyth" accepted the 
value 0.3D C—H-+, as calculated by Hirschfelder. 
Pauling calculated 0.4D C—H+ from the electro- 
negativity difference between carbon and hydrogen.!® 
Coulson using wave functions obtained previously for 
methane, calculated C-H+0.53D using a method in- 
volving effective nuclear charges.'® Coulson later 
criticized his own work as well as the concept of effec- 
tive charges.'7 In a later paper Coulson obtained 
C+H-—0.4D using a molecular orbital approach. He 
attributed the discrepancy between this result and 
previous work to the neglect of the atomic dipole term 
in carbon, i.e., the dipole moment of the atomic orbital 
out of which the molecular orbital is formed. Coulson’s 
work is open to some criticism suggested by himself. 
A term has been neglected representing the secondary 
dipole moment induced in the nonbonding electrons, 
and the inductive effects between neighboring carbon 
bonds. Spatial interactions have also been ignored. 
Although Coulson calculated that the sense and 


1” N. H. March, Proc. Cambridge Phil. Soc. 48, 665 (1952). 

4 Buckingham, Massey, and Tibbs, Proc. Roy. Soc. (London) 
A178, 119 (1941). 

2 W. L. G. Gent, Quart. Revs. (London) 2, 383 (1948). 

18 J. W. Smith, Science Progr. 41, 270 (1953). 

*C. P. Smyth, J. Phys. Chem. 41, 209 (1937); “Symposium on 
the Structure of Molecules and Aggregates of Molecules, Division 
of Physical and Inorganic Chemistry,” American Chemical 
pag Meeting, Columbia University, New York, December 

**L. Pauling, Nature of the Chemical Bond (Cornell University 
Press, Ithaca, New York, 1945), 2nd edition, p. 68. 

16 C. A. Coulson, Trans. Faraday Soc. 33, 388 (1937). 

7 C, A. Coulson, Trans. Faraday Soc. 38, 440 (1942). 
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magnitude of the CH bond moment should remain 
the same for all normal chemical compounds, i.e., 
independent of whether the carbon atom is aliphatic, 
ethylenic, or aromatic, more recent theoretical work” 
leans toward C—H_-t in acetylene and approximate neu- 
trality in ethylene. This work also indicates a great sen- 
sitivity of the moment to its environment. In general 
it is now apparent that CH, can be treated only as an 
isolated case, and conclusions drawn from calculations 
on other molecules are uncertain when applied to 
methane. To indicate further the confusion in the 
literature on this point, Pullman and Pullman! on 
pp. 81-83 use Gent’s review article” to describe the 
CH bond calculations and then on pp. 112-14 use 
Smyth’s article.* The conclusions drawn in these 
papers are in considerable disagreement. 

As far as experimental determinations are concerned, 
work on the infrared absorption of ethylene” indicates 
a finite CH bond moment, (0.37D), whose sense is 
taken from Pauling.’ This is in contradiction to Gent” 
who concludes the CH bond in ethylene should have 
a zero moment. Because of electronic delocalization 
Pullman! feels that it need not follow that the moment 
accompanying vibration (infrared) is identical with 
the static moment. 

Mueller and Eyring” compromised between the 
wave mechanical treatment of Coulson’? in which 
repulsive terms were omitted and a self-consistent field 
treatment. In their approach the CH bond was con- 
sidered as an isolated unit and the effective nuclear 
charges on carbon and hydrogen taken to be 2.868 a.u. 
and 1.00 a.u., respectively. The value obtained in this 
manner was 0.23D C+H—. However the exact value 
of the effective nuclear charge on carbon is open to 
question. 

The spherical approximation to CH, is very attractive 
because the problem reduces to one involving a central 
field whose solution is known or can easily be calculated. 
Hartmann” treated CH, as a pseudoneon atom, calcu- 
lating 0.4D C+H— for the CH bond moment. How- 
ever Coulson!’ in attempting to compute the CH 
moment using the BMT" self-consistent field wave 
functions could not adapt the spherical model of CH, 
to give any sensible results. The tetrahedral orbitals 
do not point toward four distinct hydrogen atoms, 
and the fact that each of the four protons is supposed 
to be distributed over a part of a spherical surface 
made the notion of localized bonds untenable. 

In closing this section, attention must be called to 
a basic difficulty which underlies any attempt to define 
the dipole moment of a CH bond when the latter 
is part of a molecule. For definiteness, consider methane, 
and suppose that the electron distrubution is known. 

18 A, Pullman and B. Pullman, Les Theories Electroniques de la 
Chimie Organique (Mason et Cie, Paris, 1952), p. 83. 


1 Thorndike, Wells, and Wilson, J. Chem. Phys. 15, 157 


1947). 
' 2 C. R. Mueller and H. Eyring, J. Chem. Phys. 19, 193 (1951). 
21H. Hartmann, Naturforsch. 2A, 489 (1947). 


At first sight it might seem the logical method for 
computing the CH moment would involve selecting 
a quarter section of the molecule whose axis is a line 
drawn from C to H, and locating the centroid of electron 
charge in this section. The fallacy in this viewpoint 
can be highlighted by supposing for the moment that 
instead of methane we deal with the central carbon 
atom alone whose electron distribution (at least in the 
Thomas-Fermi approximation) would be spherical. 
If we locate the centroid of electron charge in the same 
quarter section as before, we find that it does not occur 
at the origin so that even the isolated carbon atom has a 
finite dipole moment when the latter is defined as above. 
This is not a result of any specially directed atomic 
orbital either, since we have assumed the electron dis- 
tribution is spherical. 

Actually it is sensible to define a dipole moment only 
under conditions where the defined quantity has 
significance in terms of a measurement. For methane 
no unequivocal measurement exists, and so our interest 
in computing electron distributions should be directed 
towards evaluating the direction of polarization in 
the CH bond rather than its dipole moment. We 
can (as we have in the following text) define a quantity 
which measures this polarization and call it a dipole 
moment, but the quantity has no relation to any par- 
ticular dipole moment measurement. 


II. FORMULATION OF THE PROBLEM 


For the present treatment of methane, the pyramids 
formed by the planes bisecting the HCH bond angles, 
are taken as the elements of symmetry. Each of these 
pyramids encloses a CH bond, and the four close- 
pack to form the methane molecule. In analogy with 
the cell method of solid-state physics,?? where the 
atomic polyhedron in a crystal is replaced by a sphere 
of equal volume, we shall here replace the pyramid 
by a cone of equal volume. The problem devolves 
then upon solving the Thomas-Fermi equation for 
the potential within this cone, subject to appropriate 
boundary conditions. Replacing the pyramid by a 
cone reduces to the problem of calculating the apex 
angle of the isosceles triangle which when rotated 
180° about the line bisecting this angle, (the CH bond 
axis), generates the cone whose volume equals that of 
the pyramid. From plane geometry, this angle is com- 
puted to be 92.80°. Because of symmetry about the 
bond axis, we may consider only half the triangle. 

It is convenient to use spherical polar coordinates” 
with the carbon nucleus as origin. Taking account of 
cylindrical symmetry, the Thomas-Fermi equation 


2 F. Seitz, Modern Theory of Solids (McGraw-Hill Book Com- 
pany, Inc., New York, 1940), p. 329. 

% L. Pauling and E. Bright Wilson, Jr., Iniroduction to Quantum 
Mechanics (McGraw-Hill Book Company, Inc., New York, 1935), 
Appendix IV. 
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becomes 
10/ OV 1 @ OV 
——(r—) 4 — (sind) av, (1) 
r, Or\ Or r® sinO 00 06 
a= 32n°e(2me)3/3h', (2) 
0<r<a 
(3) 
0 <0 <6,(46.40°). 


The 6=0 line is taken as the CH bond axis, and the 
equation is subject to the following boundary conditions: 


V=0, 


r= 0 


limVr=Zce Zco=atomic number of carbon, 


r-0 


lim Vr=Zye Zy=atomic number of hydrogen. (4) 
60 


ru= distance from H atom. 


In order that the solution in the cone join smoothly 
with the solution in other parts of the molecule, the 
potential was chosen to be stationary at 6=0 and 
§6=0,, aS Symmetry requires. Notice that this condition 
accounts for the effect of other parts of the molecule. 


III. METHOD OF SOLUTION 


Because this problem was to be solved on a high- 
speed electronic computer (the IBM Type 701 elec- 
tronic data processing machines)*:> the method of 
solution chosen was somewhat more routinized than the 
relaxation method”® used in a previous calculation.” 
It was an iterative process, “The Extrapolated Lieb- 
mann Method’? which is related to the Southwell 
relaxation method in that it involves successively 
applied local corrections to improve an approximate 
solution. However, it is routinized in conformity with 
the requirements of automatic computers, while the 
relaxation method is flexible and depends in an essential 
way on the skill of the practitioner. Like the relaxation 
method it is not directly applicable to partial differential 
equations (and associated boundary conditions), but 
only to the finite difference approximations derived in 
the customary way. 

To set the problem up in finite difference form, a net 
of uniform mesh size, must be constructed with r and 6 
as coordinate lines. Because the potential changes 
rapidly in the vicinity of either nucleus, the transfor- 
mation r=e‘ was utilized to reduce the interval near 
carbon. The further transformation ¢=7re'/?(2V)? was 
utilized with V in atomic units. To keep the problem 
within finite limits, the outer boundary was chosen as 





*%IBM 701 Staff, Principles of Operation Type 701 and 
Associated Equipment, IBM Corporation, New York, 1953. 
(1985 , W. Sheldon and L. H. Thomas, J. Appl. Phys. 24, 235 

53). 

*°R. V. Southwell, Relaxation Methods in Theoretical Physics 
(Oxford University Press, London, England, 1946). 

77S. P. Frankel, Math. Trans. A.C. 4, 65 (1950). 


defined by r=6a.u. At large distances from the nuclei, 
the solution approaches the spherical solution for an 
atom with nucleus of charge equal to the total nuclear 
charge of the molecule; the larger r is, the smaller the 
divergence from spherical symmetry. 

Accordingly, on the outer boundary, the solution was 
taken to be the superposition of the spherically sym- 
metric potentials of carbon and hydrogen. The latter 
was used also along the boundaries enclosing each 
nucleus, and symmetry conditions were applied at 
6=0°, and 6=46.40°. With the above transformations, 
the Thomas-Fermi equation becomes, 


0° 0°¢* Og? 8 
—+—+ ctnd— = —¢*#/2g3 (5) 
Sa 00 3r’ 


where we have substituted for a of (2) in atomic units. 
The difference equation corresponding to (5) is 


$:-1, 7 — 26:7 +Oi41, i j-1— 26:47 +¢%, 4° 
62 ai 62 
‘enue (“= *) 8 
ctné,{ —————__ } = 
6 


3x? 








eg}, (6) 


where 6 is the interval in both the 6 and ¢ directions, 
equal to 0.0578 a.u., and 


i=1,2,---, N—-1 
j=1,2, +++, M—1 


N=64, 
M=15, 


the ¢ coordinate thus including 64 points and the @ 
coordinate, 15. 

The iteration method corrects each function value 
by o times the “residual’’.*® The correction process is 
applied to each of the lattice points in succession in a 
regular pattern. The function value so corrected is used 
in all subsequent operations in the same iteration step. 
o is considered a variable and the optimum value of o 
is chosen to insure rapid convergence. The optimum 
value of o was chosen empirically as the calculation 
progressed on the machine. 

If we have the mth approximation ¢;;7“) to the solu- 
tion of the difference system, we obtain ¢;;7("t by 


Gir, POY — 26:7 +bi41, 2 
62 





oP _ 620+ | 





+ i, pet) —_ 26:7? +4, ae™ 
&2 





$1,410 —Gi7™) 8 
: } ang. (7) 


+ctnn| 
3x? 

Note that values previously corrected in the iteration 

process, $-1,;77°°"*? and ¢, ;-1°“* are used. Values of 

o of 1.0 to 1.84 were used as the calculation progressed. 
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Fic. 1. Iteration net for methane unit cell. Radial lines are lines 
of constant 6, and arcs are lines of constant ¢. 


(The values were found to have been useful in a similar 
calculation.)® The rate of convergence of this method of 
solution is treated theoretically by Frankel?’ using an 
eigenvalue problem analogy. It is necessary to study 
the “error eigenfunctions” which decrease at definite 
rates in successive approximations. 

The iteration net appears in Fig. 1, where the arcs 
are values of constant 7 and the orthogonal slanting 
lines values of constant 6. Contours of the electron 
density in the cone appear in Fig. 2. 


IV. THE CH BOND MOMENT IN METHANE 


The Thomas-Fermi equation was solved for carbon 
alone and for carbon-hydrogen using the cone approxi- 
mation. From the potential, the electron distribution 
in the cone was calculated, permitting the determination 
of the following charge and moment integrals: 


Carbon 


Electronic Charge= f podr=1.58 a.u. 


(8) 
Electronic Moment = frcsdr=2.80 a.u.=7.11 D 
Carbon-H ydrogen 
Electronic Charge= frcndr=2.63 a.u. 
(9) 


Electronic Moment= f pewsdr=5.98 a.u.=15.2 D, 


where p=electronic charge density, z=z coordinate. 


Although it was not possible to determine the charge 
contained in the cone a priori, the pyramid should con- 
tain } of 10 e or 2.5 e. The charge appears to have been 
conserved reasonably well in the cone approximation, 
as indicated above by a value of 2.63 e. Also, the charge 
conservation has been consistent within the iteration 
process itself in that a charge of 1.58 e was obtained for 
carbon, and adding the 1 e for hydrogen gives 2.58 e as 
compared to the value of 2.63 e actually obtained. 

The dipole moment is determined by computing the 
sum of the products of all charges, positive and negative, 
times their vector distance from the origin. Because of 
symmetry all but the z-components cancel. The location 
of the centroid of positive charge is calculated as 


follows: 
1.6X0+1.0X 2.06 
v4+.= (10) 
2.6 





with the carbon nucleus as origin. The location of the 
centroid of negative charge is 


5.98 
y_=—. (11) 
2.6 


The dipole moment obtained when the expression 
p= 2.6(v_— v4) (12) 


is evaluated is approximately 10 debyes after conversion 
from atomic units to esu. So large a value for the 
CH moment is extremely unlikely and brings up the 
question of the definition of a bond moment alluded 
to at the end of Sec. I. The method used above is that 
used in calculating the moment of any system of 
charges,?* and the value obtained is rigorous in this 
sense. The method leads to reasonable results when 
applied to diatomic and other molecules, when the 
entire molecule is treated as a single system. However, 
when a bond in a molecule is considered as an isolated 
system, the meaning of the moment is not clear, 
although the polarity can be defined. The polarity 
of a bond is intimately associated in most discussions 
with the change from the electron distributions in 
the isolated atoms, to the distributions in the molecule. 
This picture of bond polarity is not necessary as far 
as the strict definition of the dipole moment is con- 
cerned. In the case of a diatomic molecule it makes 
no difference whether we consider the change in the 
electron distribution on going from the isolated atoms 
to the molecule or only the distribution in the mole- 
cult itself, because the atoms are spherically sym- 
metric and their centers of positive- and negative- 
charge coincide. However, when we consider a bond 
in a polyatomic molecule, the situation is different 
in that the initial atomic distributions are not spheri- 
cally symmetric. Then the question arises as to which 


2. Landau and E. Lifshitz, The Classical Theory of Fields 
(Addison-Wesley Press, Inc., Cambridge, 1951), p. 103. 
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method of determining the polarity of the bond should 
be used for the atoms are polar before bond formation. 
Coulson in the paper!’ mentioned earlier on the CH 
bond pointed out that such was the case for the carbon- 
tetrahedral orbital, which had a large dipole moment. 
It is the large dipole moment of this orbital that leads 
to the C+H— polarity which he obtains. 


Vv. CONCLUSIONS 


Until recently the question of whether the atomic 
dipoles should be subtracted from the dipole for the 
bond had not arisen. Recently Shull”? computed the 
dipole moment of the CO bond in CO: by bisecting the 
molecule at the carbon atom with the plane perpen- 
dicular to the symmetry axis and then considering the 
semi-infinite region on one side of this plane (molecular 
orbital calculation). He obtained an extremely large 
value for the moment which he assumed was due to the 
large contribution of the asymmetric carbon orbital. 
When the terms involving this orbital were subtracted, 
the moment was much more reasonable. This led Shull 
to conclude that a standard state before bond formation 
must be chosen with respect to which the polarity of 
the bond is determined. 

It appeared that the ambiguity arose because the 
method treated a region of space and not an orbital. 
In connection with Shull’s paper, Coulson offered the 
opinion, that moments resulting from the determination 
of the asymmetry of charge in any region should be 
referred to as “volume moments” and that one 
should be wary about treating them as conventional 
bond moments. Coulson in this comment refers to a 
calculation by Orgel in which the CH bond moment was 
calculated from the BMT data" using the volume con- 
cept. The electron distribution in methane obtained by 
BMT was used in the following manner. The solid angle 
around an isolated carbon atom was divided into four 
equal tetrahedral parts. The centroid of charge within 
one of these parts gave a dipole moment of 3.45 D. 
With a hydrogen atom placed at 2a.u. from the 
carbon nucleus and using the BMT methane field, a 
moment of 4.06 D is obtained. The difference is taken 
to be the dipole moment of the CH bond in methane, 
0.6D C+H-. 

If the above concept is used in the present case, and 
the carbon atomic moment in the cone is subtracted 
from that of carbon-hydrogen [Eqs. (8) and (9) ], then 
a dipole moment of 2.8 D C+-H-— is obtained. 


* H. Shull, Proc. Natl. Acad. Sci. 38, 400 (1952). 
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Fic. 2. Map of electron density for methane. The densities 
listed on the various contour lines are measured in atomic units. 
Similarly the radial coordinate is in atomic units. The angular 
coordinate covers the range, 0.8095 radian. 


The large value for the carbon atomic moment, Eq. 
(8), may be attributed to the fact that the number of 
electrons being considered is small, 1.5 e, and that the 
statistical method cannot be expected to give an 
accurate description of the charge distribution of a 
system with so few electrons. Although the carbon- 
hydrogen system in the approximation of the cell 
description of the CH bond, contains a somewhat 
greater electronic charge, 2.5e the above criticism is 
still valid. Certainly the Thomas-Fermi atomic dis- 
tributions go to zero at large distances much more 
slowly than those obtained by quantum mechanics, 
the centroid of charge is located further from the 
origin leading to a larger moment. The main feature 
to be emphasized in the present calculation is the 
polarity C+H— which agrees with Coulson’? and 
Mueller and Eyring” among others. 
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Effect of a High cis-Barrier on the Microwave Spectrum of Hydrogen Peroxide* 
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The frequency spectrum in the microwave region and the Stark effect are obtained for the case of a poten- 
tial function with a high cis-peak and a low trans-peak. Using the presently available experimental data on 
H,0: it is not possible to determine whether this potential function or the cis-peak equal trans-peak potential 
function is correct. It is shown, however, that the microwave data can answer this question if sufficient reso- 





lution is obtained. 





I. INTRODUCTION 


HE available microwave data on H2O2 can ap- 
parently be satisfactorily explained with the 
assumption of a sinusoidal hindering potential having 
a height of only about 113 cm™.! It has been suggested, 
however, that a high barrier in the cis-configuration, 
combined with a low barrier in the /rans-position, 
might also account for the observed splitting in the 
microwave region.” Since there is some evidence, both 
theoretical and experimental, to support this view,' 
we have decided to investigate the effect of such a poten- 
tial on the microwave spectrum and to determine if the 
microwave data is sufficient to indicate the form of the 
hindering potential. 


II. THE ENERGY LEVELS AND SELECTION RULES FOR 
A HIGH CIS LOW TRANS POTENTIAL FUNCTION 


In the previous paper in which the sinusoidal hinder- 
ing potential function was considered, the hydrogen 
peroxide molecule was represented by a symmetric 
top.! This resulted in a separable wave equation allowing 
the effect of hindered rotation to be studied separately 
and its characteristic energy levels to be superposed on 
the rotational spectrum of the symmetric top. These 
same assumptions will be used for this study, and are 
summarized as follows: (1) The molecule is assumed to 
be a symmetric top. (Fig. 1). (2) The molecule is 





for symmetric P(x) 
_ aP(x) 


dP (x) 
dx 





for even K | 





x=—3 dx 


for odd K 


It will now be demonstrated that for the case of a 
high cis- and low ¢rans-barrier, those hindered rotation 
states lying far below the cis-peak are dependent on the 
symmetry of the wave function but independent of the 


* This work was supported by the Bureau of Ordnance, De- 
partment of the Navy, under NOrd 7386. 

1 J. T. Massey and D. R. Bianco, J. Chem. Phys. 22, 442 (1954). 

2 W. S. Benedict (private communication). 

3N. W. Luft (private communication). 

4 See bibliography of reference 1. 








+r 


| p(—2)=+P(+2)=0, 


assumed to be rigid except for the hindered internal 
motion. (3) The hindering potential V(x) is assumed 
to be an even periodic function of the general form 
shown in Fig. 2. These assumptions lead to a wave equa- 
tion having solutions of the form® 


1 
U(W,0,¢1,¢2) _ — (0) P(x) exp(imy+iK ¢), 
T 


where y, 6, y, are the usual Eulerian angles, g; and 
¢2 refer to the two O—H bars (Fig. 1), and where 
g= (git ¢2)/2, x=a— (gi— ¢2). The effect of hindered 
rotation is described by P(x), which satisfies the 
equation: 








@P(x) Ta 
+—(W2— V(x) ]P(x)=0, (1) 
dx? 2? 


where J, is the small moment of inertia for the hydrogen- 
peroxide molecule. The boundary conditions on P(x) 
are determined by requiring that the total wave func- 
tion U be a single-valued function of the coordinates 
¢; and ge. Substitution of this condition into the ex- 
pression for the total wave function leads to P(r) 
= P(—7) for even K and P(r)=—P(—7) for odd K. 
Therefore, 


for antisymmetric P(x)t 





=0, P(—x)=—P(+7)=0, 
(2) 

tPO)| APO _ 

dx i dx a 











values of K. Asa result, the lower states of the spectrum 
characterizing this model can be constructed without 
actually specifying the shape and magnitude of the 
hindering potential. Let P., represent the function 
P(x), with the first subscript indicating odd or even K, 


5J. S. Koehler and D. M. Dennison, Phys. Rev. 57, 1006 
940 


— 


( ' 

ft See Herzberg (Chapter IT) for a discussion of the symmetry 
properties of the vibrational eigenfunctions for a molecule of this 
type (point group C2). 
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and the second indicating symmetric (s) or antisym- 
metric (a) wave functions. Then 








@Po, I, 
dy? tee VO) Po .=0 (3) 
and 
nila lta! ( 
+—| W...—V(x) |P..=0. 4 
dx? = 2h? ) 


Multiply the first equation by P,,,, the second by Po,, 
and subtract to obtain 


d (dPo,; | a 
sw a s~ Po, 8 
dx\ dx dx 





Iq 
== po ha g= W. + |Po, S's se (5) 


Integrating between —a and +7, we obtain the 











Fic. 1. Model for H2Ox. 








equation 
dPo,, Pas ‘7 
—Pp, gn Po, 8 | 
dx dx -?T 
Fe . 
= —[Wo, aa W.. af Po, ofa sx. (6) 
2h? —r 


Note that dP,.,,(+7)/dx and Po ,(-+-7) are both zero 
from the boundary conditions [Eq. (2) ]f so that Po,, 
and P,, are not, in general, orthogonal. As the cis- 
barrier is increased in height, however, the wave func- 
tion P,.(+2) approaches zero and dPo,,(-+7)/dx 
must remain finite. The left-hand side of Eq. (6) then 
approaches zero and since the integral does not, in 
general, vanish, the two energy levels must approach 
each other. A similar argument can be applied to the 





{ Requiring single valuedness of the total wave function leads 
to boundary conditions which are not the same for odd K as for 
even K and eigenfunctions corresponding to an eigenvalue asso- 
citated with odd K are not, in general, orthogonal to eigenfunc- 
tions corresponding to an eigenvalue associated with even K. 





POTENTIAL 
ENERGY 











) 1 i 
7 -™72 0 2 T 


x 


Fic. 2. General form of the variation of potential energy with the 
angle x for the model of Fig. 1. 





antisymmetric wave functions to establish the inde- 
pendence of the hindered rotation energy levels on K 
for large cis-barriers. 

The selection rules for this molecule allow only 
transitions for which AJ=0, +1, and for which 
AK=+1. Since the dipole moment operator is anti- 
symmetric in the angle x, the selection rules allow only 
transitions between two hindered rotation states of 
opposite symmetry. 


Ill. THE SPECTRUM 


The spectra predicted by the high cis low trans and 
low cis=trans barriers will now be compared with each 
other and with the available microwave data. The 
transitions which are available for comparison are indi- 
cated in Table I, and the general method of comparison 
will be similar to that adopted in the previous paper.! 
It is necessary, in order that the new model be consistent 
with the data, that it be able to predict the transitions 
of Table I with reasonable values of the hydrogen- 
peroxide molecule moments of inertia. 

The energy levels characteristic of either the high cis 
low trans or the low cis=trans models are given by! 


W=[BJ(J+1)+AK?]+ Wz, (7) 


where the terms in the bracket correspond to the sym- 
metric top energy, and where W, is one of the appro- 
priate eigenvalues of Eq. (1). The geometry of the 
hydrogen-peroxide molecule yields approximate values 


TABLE I. 








Frequency 





Line Mc/sec Remarks 
1 14829.540.2 Quadratic Stark effect J*=1 
2 37517.640.2 Quadratic Stark effect J*=2 
3  22054.540.2 Quadratic Stark effect J*>7, | mv =1 
4 27639.640.2 Quadratic Stark effect J*>7, |AJ|=1 
5 11072.440.5 Quadratic Stark effect “probably high J” 
6 3591642 Quadratic Stark effect high J, fart= 1 
7 3903342 Probably high J 
8 39495+2 Probably high J 
9 3976042 Probably high J 

10 16032+2* 








J* is the larger of the two values of J involved. Lines 5, 6, and 7 are 
relatively weak. 

& This line was found by Jen, Beard, and Massey subsequent to the 
publication of reference 1. 
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Fic. 3. Energy level diagram for both the low cis=trans and high 
cis low trans potential function (J,K). 


of the constants A and B. It is found that! 


B= ~0.83 cm! to 0.92 cm 
Anrcl y 





Ari 1 
A -—|--— =~ 8.4 cm™ to 9.2 cm7! 
4nrclI, Ib 


[and, therefore, that ,/2#?=1/4(A+B) when A, B 
are in wave numbers and /,/2#? is in reciprocal wave 
numbers ]. 

Consider, first, the two transitions which have been 
uniquely assigned by experiment (Table I). By writing 
Eq. (7) with the values of K and J representing these 
transitions, and then subtracting, it is found that 
B=0.8725 cm (for either model). This value of B 
leads to 

A—A=2.2394 cm-!, 
-where A is the splitting between the symmetric and 
antisymmetric hindered rotation levels. 

If experiment had been able to assign definite J and 
K values to one additional pair of lines, it should be 
possible immediately to test whether the model is 
consistent with the data. In the absence of this informa- 
tion, we ask whether or not this model will predict 
such transitions with reasonable values of the molecular 


T. MASSEY AND R. W. HART 


parameters B and A. Introduce a small centrifugal dis- 
tortion coefficient B, in order to provide another param- 
eter to fit two more lines. The energy levels are now 
assumed to be given by 


W=J(J+1){B+BJ(J+1)}+AR-+W2. (8) 


The assignment of lines (3) and (4) which yields the 
most reasonable values of A and B appears to be to the 
pair 11,0,s—10,1,¢; 11,1,a—12,0,s for which it is found 
that B=0.8732 cm, B,=—0.00005673 cm™, and 
A=8.7019 cm. The splitting of the lowest hindered 
rotation state is also determined by this procedure to be 
A= 10.942 cm. 

An energy level diagram obtained by using these 
values in Eq. (8) is illustrated in Fig. 3. A diagram 
obtained in a similar way from the low cis = trans model 
is also shown. In so far as the number of microwave 
transitions is concerned, the two models are similar. 
However, the transitions do not occur between levels 
of the same quantum numbers. 

On the basis of the low cis = trans model, lines (3) and 
(4) were assigned to the levels (9,0)—>(8,1) and (9,1) 
— (10,0), respectively, whereas in this model they are 
assigned to the levels (11,0)—>(10,1) and (11,1)—(12,0), 
respectively. If the J-value could be definitely assigned 
from experiment, these transitions might provide evi- 
dence substantiating one or the other of the models. 

The values of the molecular parameters obtained 
using the high cis- low trans-barrier are close to those 
obtained from the low cis=trans model, and do not 
appear to form any basis for preferring one model 
above the other. 


IV. THE STARK EFFECT 


Examination of the matrix elements for the Stark 
effect indicates that the influence of hindered internal 
rotation is the same for both the low cis=¢rans case 
and the high cis low trans case. The effect of hindered 
rotation is twofold: (1) The value of the permanent 
dipole moment to be used is dependent upon the hind- 
ered rotation and (2) in the actual evaluation of the 
matrix elements from the results in the literature’ 
one-half the line strength must be used since the in- 
version degeneracy has been removed. The calculations 
are made using the values of A, B, Bi, and W»2 from the 
preceding section to determine the energy differences 
not available from the experimental data. The results 
are, for Am=0, 


Line 1 Av=y?e[5.76—5.68 m*]X10-° Mc/sec 
Line 2 Av=p?e[1.29—0.804 m? ] 10-* Mc/sec 
Line 3 Av=pe[1.42—0.0117 m?]10-* Mc/sec 
Line 4 Av=y?e[0.980—0.0069 m? ] 10-* Mc/sec 
Line 5 Av=p?e[0.978—0.0123 m? | 10-® Mc/sec 
Line 6 Av=p2e[0.307—0.0045 m?]X10-* Me/sec. 


6 P. C. Cross and R. M. Hainer, J. Chem. Phys. 12, 210 (1944); 
S. Golden and E. B. Wilson, Jr., J. Chem. Phys. 16, 669 (1948). 
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HIGH 


It can be seen that the calculated energy differences 
will be slightly in error for K>1 since the correction to 
A which depends upon J and K was not made in Sec. 
III. This makes very little difference since the perturb- 
ing effect of these levels is small compared to that of the 
levels involved in the transition. 

The calculated results may now be compared with 
the experimental results. The experimental data avail- 
able is listed below: 


Line 1 Av= 29.09e? 10-* Mc/sec 

Line 2 Av= (6.88—4.25 m?)e? 10-® Mc/sec 

Line 3 Av= (6.07—0.0727 m*)&X 10-* Mc/sec (J*=> 9) 
Av= (6.47—0.0623 m2) 10-* Mc/sec (J*= 10) 
Av= (6.95—0.0552 m2) eX 10-* Mc/sec (J*= 11) 

Line 4 Av= (4.18—0.0537 m?)e? 10-* Mc/sec (J*= 8) 
Av= (4.49—0.0459 m2) 10-* Mc/sec (J*=9) 
Av= (5.10—0.0356 m?) eX 10-* Mc/sec (J*= 10). 


It is found that the best fits occur if the following 
assignment is made. (For lines 1 and 2 there is no 
question.) 


Line 3 Av= (6.95—0.0552 m?) eX 10-® Mc/sec (J*= 11) 
Line 4 Av= (5.10—0.0356 m?)e?X 10-® Mc/sec (J*= 10). 


Table II indicates the values of dipole moment and 
comparison of the B/A ratio for both the low cis = trans 
and the high cis low trans case. 


V. THE HIGH CIS LOW TRANS POTENTIAL FUNCTION 


Magnitudes of the high cis- low ¢rans-barriers will 
now be determined which yield the splitting of 10.9 
wave numbers indicated by the microwave data. Since 
only the lowest state of the hindered rotation part of the 
wave equation [Eq. (1) ] is involved, we will not at- 
tempt to use the WKB method, but will calculate the 
energy levels by selecting hindering potentials for which 
the solutions of equations of this form are known. 


TABLE IT. Dipole moments and ratios of B to A in the expression 
Av= (A—Bm?)éX10-. 








Low cis =trans case* High cis lowt rans case 





Line yp Exp B/A Calc B/A mn Exp B/A Cale B/A 
l 2 tee — 1.00 2.25 —0.985 
2 2.26 —0.618 —0.598 2.31 —0.618 —0.624 
3 216 —0.0120 —0.0115 2.21 —0.00794 —0.00824 
4 2.10 —0.0102 —0.0109 2.28 —0.00698 —0.00704 
5) 2.31 tee —0.0126» 
6 2.39 tee — 0.0146» 








* The calculated values are slightly different from those of reference 1 
partly because in that paper a centrifugal distortion coefficient was not 
included, and partly because all of the perturbing elements allowed by the 
Symmetry of the hindered rotation wave functions were not used. 

_» In order to obtain a reasonable value for yu, lines (5) and (6) were as- 
signed to the transitions 


8,2,s >9,1,@¢ and 
8,1,a-7,2,s, respectively. 
The measured Stark effect is 


Line 5 Av =5.213 «2 X10-® Mc/sec 
Line 6 Av =1.749 «2 X10-6 Mc/sec. 
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Fic. 4. Reciprocals of the logarithmic derivatives for matching the 
wave functions (V; and V2 are given in wave numbers). 


Let the hindering potential function be represented by 


2\2 r\? 
; w=(-) 1(x-*) 


™ 
+-<x<+7 (region 1) 
2 





1+-cos2x 
Vix)= v.( ) 


cs T 
—-<x<+-— (region 2) (9) 
2 2 


V : vi “) 
w=(-) rs 


T 
—T<exs “~ (region 3). 


The method of solution of problems of this type is well 
known and will not be reproduced here. Two significant 
points may be noted, however. 

(1) In regions (1) and (3), solutions of Eq. (1) are 
hypergeometric functions. Because of the fact that 
3],(V:/h?)>>1, the asymptotic representation’ for the 
hypergeometric functions may be used when applying 
the boundary conditions Eq. (2) at x=+7. Only the 


7 Jeffries and Jeffries, Mathematical Physics (Cambridge Uni- 
versity Press, New York, 1946), p. 578. 
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32 obtained, for example, for V:= 2800 cm and V2= 214.5 
en cm™, It is evident that increasing the cis-barrier height 
@ 24 —— — tends to raise the energy levels and to increase the 

3 ¥, 2102.6 Pt | ee splitting. This behavior is illustrated in Fig. 5. 
é el” 137.9 —— A square well potential function and a triangular 
8 168.5 —— | ——— potential function were also used to indicate the effect 
or oe | of barrier shape on the values of V; and V2 as well as 
to give a qualitative check to the analysis. The results 
indicate that the potential function used gives values of 
) 1000 2000 3000 4000 5000 V,; and V2 which are intermediate between those for 


Vv, (wave numbers) 


Fic. 5. Variation of the splitting (A) with height of the cis-barrier 
(V2 in wave numbers). 


first term of the power series expansion is required at 
x=-t1/2. The logarithmic derivative of the wave 
function in region (1) evaluated at 2/2 is then given by 





























r (3) WI,/2h 1) 
: asco ccitae nsateiaaiasiapananeiianitiaiat 
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a. ee ne 
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(10) 


for both symmetric and antisymmetric P(x) and 
for both even and odd K. From Sec. III, J,/2h? 
= 1/4(A+B)=1/38.3 cm™ in order to yield the ob- 
served splitting. 

(2) In the central region, solutions of Eq. (1) are 
Mathieu functions of nonintegral order. Although suit- 
able tables of such functions are not available, compu- 
tation is relatively simple although lengthy for the low 
barriers under consideration.® 

Figure 4 illustrates the behavior of the logarithmic 
derivatives of P(x) at 2/2, and the intersections corre- 
spond to the energy levels W2. Unlike the case for the 
low cis=trans sinusoidal potential function where the 
barrier height is uniquely determined by the splitting, 
the case under consideration has a continuum of possible 
values of V,; and V2. Approximately 11 cm™ splitting is 


8 McLachlan, Theory and Application of Mathieu Functions 
(Oxford University Press, New York, 1951), Ch. IV. 


the extreme potential shapes above. 


VI. CONCLUSIONS 


Evaluation of the expression 


J 001+ c05(—*)ax 
fircorax 


leads to a result which can be interpreted physically as 
the average of the cosine of the angle between the two 
O—H bars. For the case V;= 2800 cm™ and V2= 214.5 
cm~! the value of this expression is 0.58, corresponding 
to an average (r—x) of 108°. This, in turn, indicates a 
value of 1.9 Debye units for the component of OH 
dipole moment perpendicular to the figure axis of the 
HO: molecule. 

The results of the analysis of this paper indicate: 

(1) With the microwave data now available it is not 
possible to decide whether the high cis low trans or the 
low cis =trans potential function is correct. 

(2) If sufficient resolution to determine uniquely the 
value of J* for lines 3, 4, 5, and 6 can be obtained, it 
should be possible to decide which potential function is 
correct from the microwave data alone. 

(3) The microwave data is not sufficient to assign 
unique values to V; and V2. 
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The infrared spectrum of ammonium fluoride and deutero-ammonium fluoride at —195°C and 25°C is 
shown to be explicable in terms of “essentially” 7g symmetry requiring that the axial ratio (c/a) be 1.63. 
New x-ray-lattice parameter measurements show this to be true. A comparison of the spectrum of NH4F with 
other ammonium salts indicates that broad bands do not necessarily accompany strong hydrogen bonds. 





I. INTRODUCTION 


MMONIUM fluoride is of considerable interest 
because strong hydrogen bonds can be antici- 
pated and their effect on the spectrum of the ammonium 
ion determined by comparison with the other am- 
monium halides. Moreover, the structure of ammonium 
fluoride is essentially the same as that of ice and the 
N-—F distances are very nearly equal to the O—O 
distance (2.76 A). The information gained from NH,F 
may be useful in interpreting the spectrum of ice which 
is complicated by disorder in the proton positions. 

The crystal structure of ammonium fluoride is hex- 
agonal.! The unit cell parameters have been reported as 
a=4.39+0.04 A, c=7.02+0.06 A, and the space group 
as C.®° or Cey*. The reported axial ratio (c/a) is 1.60 
+0.03 compared to 1.63 for hexagonal closest packing, 
requiring that one N—F distance is 2.63 A and the 
other three are 2.69 A if the parameter has the value 
2 reported by Zachariasen. Such a large distortion 
from a tetrahedral arrangement of the fluorine ions 
about each ammonium ion would show up strongly in 
the infrared spectrum. In ammonium bromide displace- 
ment of the bromide ions by 0.09 A from the cubic 
positions produces a splitting of 25 cm™ in the triply 
degenerate bending vibrations of the ammonium ion 
(vs)? and in ammonium iodide a distortion of only 
0.04 A produces a splitting of 19 cm—.*4 

The Raman spectrum of crystalline ammonium 
fluoride has been reported,’ and Bovey‘ has recently 
published the results of infrared absorption and reflec- 
tion measurements on ammonium fluoride. He found 
that the triply degenerate bending vibration », was 
split by 19 cm™ and that the stretching region was 
very broad and diffuse. However, since a preliminary in- 
vestigation in this laboratory® had shown that exchange 


* Based on a thesis presented by Robert C. Plumb in partial 
fulfillment of the requirements for the Ph.D. degree, Brown 
University, 1953. 

t Present address, Aluminum Research Laboratories, Aluminum 
Company of America, New Kensington, Pennsylvania. 

tE. I. de Pont de Nemours and Company, Inc., Fellow in 
Chemistry, 1951-52. 

‘W. Zachariasen, Z. physik. Chem. 127, 218 (1927). 
west” Wagner and D. F. Hornig, J. Chem. Phys. 18, 296, 304 

50). 

* Dinsmore, Hornig, and Plumb (to be published). 

*L. F. H. Bovey, J. Opt. Soc. Am. 41, 836-48 (1951). 

®R. Ananthakrishnan, Proc. Indian Acad. Sci. 5A, 76 (1937). 

* E. L. Wagner (unpublished observation). 


of halogen ions occurs on the sodium-chloride backing 
used by Bovey, it seemed desirable to undertake a new 
investigation. 

Finally, the existence of a small heat-capacity maxi- 
mum at —30°C indicates that NH,F undergoes a phase 
change.’ In the other ammonium salts, in which each 
ammonium ion is surrounded by eight halide ions, 
similar phase changes have been demonstrated to result 
from disordering of the equilibrium orientation of the 
NH," ions. Since there are only four nearest neighbors 
in the NH,F structure, a different explanation must be 
sought if the phase change is genuine. ° 


II, EXPERIMENTAL 


The experimental procedures used in this investiga- 
tion were similar to those described previously.?"* The 
ammonium fluoride§ was purified by fractional vacuum 
sublimation. Samples for infrared-absorption studies 
were prepared by sublimation to a salt window cooled 
to —78°C. Films thus prepared showed distinct inter- 
ference fringes. All manipulation of the films was carried 
out in vacuum or in a stream of dry nitrogen gas. The 
thicknesses of the films were estimated from the varia- 
tion of interference color with angle of observation. 
Because of the high vapor pressure of ammonium 
fluoride, it was not possible to evacuate the cell before 
cooling it to liquid-nitrogen temperature. The room- 
temperature spectrum was obtained with the cell con- 
taining 1 cm Hg pressure of nitrogen. The ammonium- 
fluoride film was then cooled with dry nitrogen blowing 
on the cell windows to prevent condensation of at- 
mospheric moisture. When the temperature had been 
reduced to where the vapor pressure of the ammonium 
fluoride was negligible, the cell was evacuated. Since 
it was found that ammonium fluoride exchanged halogen 
ions rapidly with sodium chloride and potassium 
bromide, films were investigated on silver-chloride 
backing windows where no exchange was observed. 
Films were also prepared on a calcium-fluoride backing 
to see if there were any orientation effects caused by the 
silver-chloride lattice. No effects were observed. 

Deutero-ammonium fluoride was prepared by ex- 
changing ammonium fluoride with D.O. The cell shown 


7 F. Simon, Z. physik. Chem. 129, 339 (1927). 
8 Hornig, Hyde, and Adcock, J. Opt. Soc. Am. 40, 497 (1950). 
§ Baker and Adamson, C.P. Grade. 
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Fic. 1. Cell used for 
deuterating NH,F and pre- 
paring films of ND,F. 














in Fig. 1 was used for the exchange reaction. The am- 
monium fluoride was placed in the nipple A. The upper 
part of the cell B was the coolant reservoir and block of 
the absorption cell. The D,O vial was connected by 
Tygon tubing to the cell. D,O was transferred by 
evaporation, controlled by a Hoffman clamp. The 
silver-chloride backing window was placed on the block 
before the exchange process was started so that all 
steps from the first exchange to the final preparation of 
the film could be carried out in the same system. The 
transfer of the upper part of cell B to the absorption 


cell was carried out while blowing nitrogen gas (dried 
with a liquid nitrogen trap) over the film. The deutero- 
ammonium fluoride thus prepared was better than 95 
percent deuterated as estimated from the relative 
intensity of bands which are assigned to ND;HF. 


Ill. EXPERIMENTAL RESULTS 


The observed spectra of ammonium fluoride and 
deutero-ammonium fluoride at 25°C and —195°C are 
shown in Figs. 2 and 3. An extra-thick film of ammo- 
nium fluoride is shown at — 195°C to give the maximum 
amount of detail. The film of intermediate thickness in 
Fig. 2 at — 195°C was estimated to be 0.8 micron thick 
by its interference colors. 

The most striking features of the NH,4F spectrum 
are the sharp lines and the large number of bands, 
shoulders, and general spectral detail in the low- 
temperature spectrum. The high-frequency stretching 
region from 2500 to 3300 cm“ is extremely complicated, 
with eleven distinct peaks at —195°C. The low- 
frequency bending region from 1400 to 1600 cm~ shows 
sharp lines and the strong line at 1494 cm™ has a half- 
width of only seven cm. The region from 1600 to 
2500 cm would usually be thought to contain an infra- 
red inactive (under 7,4) bending mode and lattice 
frequencies in combination with bending vibrations. 
The relative intensities of the observed bands are sur- 
prising since combination bands are usually less intense 
than fundamentals. 

Bovey observed distinct peaks at 1503 cm™ and 
1484 cm™ whereas only one peak of comparable inten- 
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Fic, 2. The infrared spectrum of ammonium fluoride at 25°C and — 195°C, 
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Fic. 3. The infrared spectrum of deutero-ammonium fluoride at 25°C and —195°C. 


sity was found in this work. Bovey also found that the 
2800 cm™! region was very broad and diffuse. No com- 
parable characteristics were observed in this work. 

Most of the detail is lost in the room-temperature 
spectrum, and all of the line widths increase consider- 
ably. The spectrum is therefore consistent with a 
phase change and may indicate a certain amount of dis- 
ordering in the room-temperature phase. 


IV. STRUCTURE OF AMMONIUM FLUORIDE 


The unit cell of ammonium fluoride as commonly 
represented is shown in Fig. 4. The highest symmetry 
which an ammonium ion may have in this unit cell is 
C3y. The nearest-neighbor fluoride ions are arranged 
about the ammonium ion approximately tetrahedrally. 
In the event that the axial ratio were 1.63 (hexagonal 
closest packing), the nearest-neighbor fluoride ions 
would be arranged exactly tetrahedrally, but the site 
symmetry would remain C3y. If the axial ratio is 1.60, 
the nearest-neighbor fluoride ions are not arranged 
tetrahedrally, and a considerable distortion of the vibra- 
tions of a tetrahedral ammonium ion would be expected. 
Under C,y symmetry, both of the inactive vibrations 
of a tetrahedral molecule,® the symmetric stretching 
vibration »;(A;) and the doubly degenerate bending 
vibration v2(E), may become active while the two 
triply degenerate vibrations, v3(T2) and v4(T2), are 
split into components of species A; and E (under C3y), 
both of which may be active. A confirmation of C3y 
symmetry, therefore, would take the form of the ob- 
servation of »; or ve, or of the splitting of v3 or v4. 

°G. Herzberg, Infrared and Raman Spectra of Polyatomic 


~— (D. Van Nostrand Company, Inc., New York, 1947), 
p. 100. 





By comparison with the other ammonium salts, the 
most sensitive band should be v4, to which the peak at 
1494 cm~ must be assigned. This band has a half- 
width of only 7 cm, and if it contains two components, 
they must be separated by less than 7 cm“, or it is 
split by at least 523 cm, which would place the second 
component at 2017 cm~. Similarly, v; may be assigned 
as being the most intense band in the spectrum at 
2815 cm~!. The only other peak with sufficient intensity 
to be a second component is that at 3082 cm™. Since 7, 
probably occurs at 2870 cm™, the frequency of the 
intense Raman line, there is no evidence of its having 
become infrared active. The same holds for v2, unless 
the perturbation is great enough so that its frequency 
is 2277 cm“ rather than the anticipated value of about 
1800 cm“. 

On the other hand, the general pattern of the spec- 
trum is very similar to that of other ammonium salts. 
If it is assumed that the fluoride ions are arranged tetra- 


NHgF 


Fic. 4. The unit cell of ° 
ammonium fluoride. 
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hedrally about the ammonium ion the true site sym- 
metry will remain C3y, but as far as the ammonium ion 
and its nearest neighbors are concerned, Tz symmetry 
would be a correct description. In the crystal this sym- 
metry is only lowered by longer-range forces and by the 
coupling between the motions of the various ammonium 
‘ jons. Since all of the internal vibrations of the ion are 
hydrogen motions and the ions are separated by the 
relatively massive fluorine ions, the coupling of the 
motions can probably be neglected. If the crystalline 
field is dominated by the nearest-neighbor fluoride ions, 
the symmetry of the ammonium ion may be described 
as “essentially” tetrahedral, i.e., described by the 
group 7a. In that case only v3 and v4 may be active so 
that the wealth of detail in the spectrum must originate 
in combination bands. An assignment of frequencies on 
this basis is given in Tables I and II. 

All of the main aspects of the spectrum are satis- 
factorily taken into account by this assignment which 
parallels the other ammonium salts closely. The fre- 
quency-product ratios which result are: 


Species T2 
vey! 2815.1494 
ysPysP  2148.1120 





= 1.748 (harmonic value, 1.781). 


Species T; 
vel 523 
—=—= 1.391 (harmonic value, 1.414). 
ve? 376 

Species E 
vol 1754 
—=——= 1,394 (harmonic value, 1.414). 
Vo? 1257 


The agreement is satisfactory, and the deviations are 
in the direction expected from anharmonicity. If the 
anharmonicity for v; is of the same order of magnitude 
as in the other vibrations, it may be predicted that 11 
occurs at about 2050 cm™ in ND,F. 

The detailed assignment of the numerous peaks 
ascribed to combinations is open to question, however. 
Corresponding to each active fundamental frequency 
there is an entire band of inactive frequencies in the 
crystal. Whereas only one frequency in the band may 
appear in the spectrum as a fundamental, all of the fre- 
quencies in both bands may enter into combinations 
which appear in the spectrum.” Hence a combination 
which is designated by a single symbol (e.g. v4+5) may 
appear as a band with any number of maxima, diffuse 
or sharp as the case may be. It is on this basis that we 
have assigned both of the peaks at 2974 and 3010 cm™ 
to 2v4; in NH,Cl and NH,Br, 24 also appears as a 
band running to high frequencies from the calculated 


10H. Winston and R. S. Halford, J. Chem. Phys. 17, 607 (1949). 


values, although in those cases the bands show only 
diffuse maxima and not sharp peaks. 

Similarly, some of the fine structure near 2000 cm— 
may actually be part of the »4+5 band. The problem 
in that region is further complicated by the probability 
that Fermi resonance may contribute intensity to 
minor peaks of 46, vo+v5, and v4+2y5, all of which are 
superimposed. There is no simple way to gauge the 
probable width of these bands, but it may be noted that 
the band, 3v;, which lies at the base of v4, has a width of 
roughly 50 cm~. Finally, although the fundamentals 
are apparently those of an “essentially tetrahedral” ion, 
the combination tones may be split by the crystal 
symmetry. 

The biggest problem which arises is the strong band 
at 3082 cm™ in NH4F and 2251 cm™ in ND4F. It has 
been assigned to »4+3v¢, but it is startling that such a 
high combination should appear with such intensity. 
Furthermore, the observed frequency is some 40 cm™ 
higher than predicted, and this can only be correct if 
the frequency is raised by Fermi resonance with some 
of the slightly lower frequencies. At present, the situa- 
tion on this peak cannot be considered satisfactory. 
The only other peak for which no assignment is avail- 
able is the weak peak at 2688 cm7. 

The ND,F spectrum fits the same general scheme as 
NH,F. Even after the ND;Ht lines are eliminated, the 
peaks do not show a one-to-one correspondence with 
those of NH,F, but this is probably because of the 
numerous overlapping bands mentioned before. There 


TABLE I. Observed frequencies, relative intensities, and assign- 


ments to the infrared spectrum of NH4F at — 195°C and 25°C. 











Infrared Raman® 
—195°C Half 23°C 2s°C Inferred> Assignment 
v widths v v frequencies “essentially” 
(cm~) (em) (em!) (cm) (—195°C) Ta symmetry 
3320 vwe 3310 3338 v3tvs 
3222 m° 3218 3248 votvs 
3161 vw tee 3130, 3185 = v3-t v5, vitys 
3082 s° 3065 3063 vat3ve 
oa 3088 
10 m-w 2999 
2074 cot 4 2988 avs 
2870 V1 
2815vs  -53.—S«2820 {samp ' 
2688 vw tee 2699 vat3vs 
2559 3082— v6: 
oo = 2590 FE rotors 
Vi-—V5 
2516 vw 2485 2540, 2500 = v4+2v6, vs—v, 
2277 m 2261 2262 tee votve 
2159 vw ore 2124 vgt2y5 
2084 vw tee 2069 vpotvs 
2017 m 15 2007 tee vatve 
1809 vw see tee vats 
see 1754 V2 
1545 vw tee 1569 36 
1494 m 7 1489 V4 
cee oes 523 V6 
315 V5 








® Reference 5. 

> Sum of fundamental frequencies or values derived from differences of 
combination and fundamental frequencies. 

© s=strong, m =medium, w =weak, v =very. 
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remains, nevertheless, no satisfactory assignment for 
the weak bands near 1900 cm™ and in the 2600-3100- 
cm7 region. 

It might be argued that since Bovey observed two 
components of v4 and was able to assign separate com- 
ponents of v3 the films studied in the present investiga- 
tion were oriented with the hexagonal axis parallel to 
the infrared beam, whereas his were unoriented. In 
that case only the E components of the spectrum would 
have been observed in the present work. If that were the 
case, and v2(£) is assigned to either 2017 or 2277 cm“ 
(1496 or 1633 in ND,F), the frequency-product ratio 
for the type £ vibrations would be either 2.43 or 2.35. 
The harmonic value of this product is 2.56 and the 
check is poor. 


TaBLE II. Observed frequencies, relative intensities, and assign- 
ments to the infrared spectrum of ND«F at — 195°C and 25°C. 


TABLE ITI. Observed and calculated line spacings in the diffraction 
pattern from powdered ammonium fluoride. 











Weight in 

least- 40B 40p 
& & §£ squares fit (observed) (calculated) error 
110 1 46.3 46.28 0 
0 0 2 2 49.6 49.68 +0.1 
111 3 52.7 52.60 —0.1 
a 2 4 68.3 68.36 +0.1 
ise 5 81.3 81.28 0 
2 6 89.2 89.28 +0.1 
220 7 94.5 94.56 +0.1 
12 2 8 96.4 96.40 0 
23 1 9 98.2 98.08 —0.1 
222 10 108.3 108.26 0 
ss = 11 123.9 123.88 0 
32 12 140.0 139.64 —0.4 
3 3 0 13 148.0 147.88 —0.1 
a 14 153.6 153.52 —0.1 











Inferred* Assignment 
vy (cm~!) frequencies “essentially”’ 
—195°C °C (—195°C) Ta symmetry 
3070 w> 3049 3041 votvatvstve? 
2983 vw? tee 2992, 3012 2(vatve), vst+3v5? 
2911 vw ee 2900, 2899 v3+2v¢?, vit3ys? 
2828 m> 2810 ND;H? 
2790 m tee 2812 vatvstve 
2639 Vw see 2699 vyityst v6? 
2471 w 2469 2514 2v2? 
2360 m 2363 2377 votvs 
2323 m 2313 tee vitys 
2251 s 2247 2248 vat3ve 
2233 m tee 2240 2v4 
2148 vs 2140 V3 
tee 2042 2089 votvs— v5 
1970 Vw as 1872, 2121 va t2ve, vat3vs 
1899 m 1900 1921 votvstve? 
1633 m 1627 see votve 
1549 vw oe 1545 votvs 
1496 m 1490 aes vatye 
1479 vw tee ND;H* 
1412 vw 1407 tee vatve 
ies fie 1257 ve 
1170 vw 1173 ND;H®* 
1120 m 1119 V4 
ina wae 376 V6 
288 V5 








*Sum of fundamental frequencies on values derived from differences of 
combination and fundamental frequencies. 
>bs=strong, m=medium, w =weak, v =very. 


We therefore conclude that the symmetry of the 
NH;? ion site is “essentially” tetrahedral. This cannot 
be exactly true in a hexagonal crystal but a necessary 
consequence is that the arrangement of nearest neigh- 
bors must be quite precisely tetrahedral. 


V. X-RAY CRYSTAL STRUCTURE OF 
AMMONIUM FLUORIDE 


The previous conclusion conflicts with the x-ray 
structure found by Zachariasen' so that it was con- 
sidered important to carry out a more precise determina- 
tion of the lattice parameters. This was done by a careful 
study of the diffraction pattern from the powder. 

The ammonium fluoride was purified as described 


previously. The sublimed salt was in a finely divided 
state, and no further grinding was necessary to reduce 
the particle size. The samples were mounted in sealed 
Pyrex capillary tubes (i.d.=0.5 mm). 

A copper target source was used with a nickel filter 
and a powder camera which gave 0.5 Bragg degree per 
mm. For purposes of calibration, the diffraction pattern 
of sodium chloride was recorded on the same film as that 
of ammonium fluoride in two separate exposures with 
half of the film masked with a thin lead strip during the 
sodium chloride exposure. 

The ammonium fluoride showed a tendency to form 
aggregates giving spotty lines on the film. The effect 
was noted only on samples allowed to stand at room 
temperature for more than twelve hours. | 

The indexing of lines and the observed and calcu- 
lated positions of lines is given in Table III. The final 
adjustment of parameters was made by a least-squares 
fit where the 14 observed angles were weighted by 
integers from 1-14 with increasing angle in order to 
minimize the effects of errors from absorption and 
eccentricity in the movement of the capillary tube. 

The resulting parameters were a=4.44+0.005 A, 
c=7.17+0.02 A, and c/a=1.62+0.01. The axial ratio 
is within experimental error of 1.63, the value predicted 
from the infrared spectrum. The N—F distance corre- 
sponding to these new parameters is 2.69 A. 


VI. HYDROGEN BONDING IN NH.F 


The frequencies of the N—H stretching vibrations in 
a number of ammonium salts are listed in Table IV. 
It is evident that in structures in which N—H—X 
hydrogen bonds are weak, if they exist at all, the N—H 
frequency is in the vicinity of 3300 cm. In NH,F, then, 
the N—H frequency is displaced downwards by about 
450 cm“. Similarly, the two bending frequencies, which 
lie at 1650 cm™ (v2) and 1400 cm™ (y4) in the other 
ammonium salts, are displaced upwards by about 100 
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TABLE IV. Frequency of N—H stretching lines in 
ammonium salts. 











v1 v3 
NH,F 2870 2810 
NH,C]l 3048 3086 
NH,Br 3038 3124 
NH,I 3021 3070 
NH,BF,* ee 3332 
NH,NO;> tee 3200 








( on) L. Cote and H. W. Thompson, Proc. Roy. Soc. (London) A210, 217 
1951). 
( oa) E. Keller and R. S. Halford, J. Chem. Phys. (London) 17, 26-30 
1949), 


cm™. These shifts are a clear indication of moderately 
strong hydrogen bonds. 

The shift in the stretching frequency is very nearly 
equal to that observed in passing from water vapor to 
ice, but whereas the O—H stretching bands in ice are 
several hundred wave numbers wide at all tempera- 
tures, the N—H stretching peak in NH,F is only 50 
cm! wide at — 195°C. It follows, therefore, that broad 
bands are not necessarily associated with strong hydro- 
gen bonds although this is usually the case."” 

The half-widths of »; in a number of ammonium 
halides are shown in Table V. It is seen here too that 
although the hydrogen bonds are much stronger in 
NH,F than in the other ammonium halides the line 
widths are very nearly the same in the ordered low- 
temperature phase. 

On the other hand, a considerable increase in the 
line width in NH,Cl, Br, and I is associated with the dis- 
ordering which takes place in the A transition. It is not 
unreasonable to suspect, therefore, that at room tem- 
perature NH,F is also disordered. If so, the mechanism 
of the disordering is obscure, and it should be noted 
that our x-ray studies showed a structure at room 
temperature which is similar to that deduced from the 
spectrum at — 195°C. 

One further consequence of the hydrogen bonding is 
worth noting. In the other ammonium halides, as in 
methane, the symmetric stretching vibration has a 
lower frequency than the antisymmetric; in NH4F this 
situation is reversed. This difference can be ascribed 
formally to a large negative stretch-stretch interaction 
term in the ammonium ion potential function, but this 
leaves unanswered the question of why the energy re- 
quired to distort the ion in the antisymmetric motion is 
less than in the symmetric motion. A possible line of 
argument runs as follows: during the symmetric stretch- 
ing motion all of the protons move away from (or 
toward) the nitrogen atom simultaneously. If carried 
to an extreme, it would lead to the formation of N~* 
and FH,** ions, an energetically unfavorable configura- 
tion. On the other hand, the antisymmetric motion 


( 1R. E. Rundle and M. Parasol, J. Chem. Phys. 20, 1487 
1952). 

2R. C. Lord and R. E. Merrifield, J. Chem. Phys. 21, 166 
(1953). 


brings three protons toward the nitrogen while one is 
removed. This motion, when carried far enough, leads 
to the formation of NH; and HF, a relatively more 
favorable situation. It does not seem unreasonable, 
therefore, for this motion to require less energy, and it 
might be suspected that for this motion the potential- 
energy curve possesses two minima, that associated 
with NH,* and F~ ions and another higher energy 
minimum corresponding to NH;+HF. 


VII. A PRIORI CALCULATION OF THE TORSIONAL 
FORCE CONSTANTS IN AMMONIUM HALIDES 


Wagner and Hornig’ calculated the torsional fre- 
quency of the ammonium ion in the cubic crystal 
NH.,Cl by using a simplified point charge model of the 
ion. They placed point charges at the positions of the 
nitrogen atom and the protons in the ion under con- 
sideration, and at the center of all other ions. A calcula- 
tion of the purely electrostatic energy of interaction of 
this ion with the rest of the lattice showed that the 
experimentally determined value of this frequency 
could be obtained when a not unreasonable fraction of 
an electronic charge was placed on the protons. 

These results were subsequently extended to the 
tetragonal crystals, NH,Br and NH4I, and to the low- 
temperature cubic phase of ND,Br by Millman and 
Hornig."* Their results are summarized in Table VI. 
The quantity / is the fraction of an electronic charge on 
the proton. Although the value of f is somewhat higher 
than might have been anticipated, its constancy is 
quite reassuring for although the structure of these 
compounds does not vary greatly, the N—X distance 
changes from 3.34 A in NH,Cl to 3.78 A in NHglI. 

It was of some interest, therefore, to test the same 
model on NH,F whose structure differs drastically. In 
the other salts each ammonium ion is surrounded by 
eight halogen ions; in NH4F by contrast, there are only 
four. The expression derived for the force constant was: 





z, j 3a’aX - 
K,=—3feaa> ~ 
i [@?B+eDP? [aB+eD }? 


B=X?+(Vj—a)? 
D=(Z;—7) 


TABLE V. Width of N—H stretching lines (v3) in 
ammonium halides. 











25°C —195°C 
NH.F 110 53 
ND.F 88 45 
NH.Cl 110 35 
ND.Cl 80 33 
NH,.Br 120 52 
ND,Br 78 45 
NH,I 113 (Phase II, — 15°C) 42 








13. Millman and D. F. Hornig (unpublished). 














one is 
, leads 
r more 
ynable, 
and it 
ential- 
ciated 
energy 


ONAL 
JES 


al fre- 
crystal 
of the 
of the 
r con- 
alcula- 
tion of 
at the 
yuency 
tion of 


to the 
ie low- 
in and 
le VI. 
irge on 
higher 
ncy is 
these 
istance 
I. 

> same 
lly. In 
led by 
‘e only 
it was: 

















NH,.F, INFRARED SPECTRUM, X-RAY PATTERN, STRUCTURE 953 


where a and ¢ are the lattice parameters; ¢ is the angle 
of rotation about a threefold axis; X; and Y; are Car- 
tesian coordinates of the jth ion in units of the lattice 
parameter a, and Z; the remaining coordinate in units 
of ¢; a=rnx cosi19°28’/a; and y=—rnu sin19°28’/c. 
This quantity was summed over 44 neighbors, using 
rnu= 1.02 A, a=4.44 A, and c=7.17 A. 

To obtain the experimental frequency of v6, 523 cm“, 
a value of f=0.164 was necessary. This is drastically 
different from the previous result and indicates a basic 
defect in the simple model. 

Some insight into the nature of the difficulty came 
when it was noted that in the cubic or tetragonal struc- 
tures the four nearest-neighbor halide ions toward 
which N—H bonds were not directed made a very sub- 
stantial contribution to the force constant, and that 
their effect was of opposite sign to that of the other four 
nearest neighbors. Since this set is absent in NH,F, one 
might guess that its role had been overemphasized. 
This would be the case if there are substantial short- 
range forces between the protons and the nearest four 
halide ions. To test this a computation was made in 
which the contribution of only the four nearest neigh- 
bors was included, the rest of the lattice being neglected 
arbitrarily. The contribution of these four ions to the 
force constant is given by the expression 


3 fern HY’ NX cos?19°28’ 
"om 


a 





(rnx—?nu)® 


TaBLE VI. Charge distribution on ammonium ions necessary 
to account for torsional lattice vibration frequency. 











Compound Phase ”Torsional tif 
NH.Cl III (cubic) 390 cm7! 0.45 
NH,Br III (tetragonal) 319 cm 0.43 
ND,.Br IV (cubic) 248 cm™ 0.42 
NH,I III (tetragonal) 285 cm“ 0.42 








TABLE VII. Effective point charge necessary to give correct 
torsional frequency for NH,* ion in the field of its four nearest 
neighbors. 








Salt ky v f 
NH,F 36.4X 10-"f 523 0.123 





NH.,CI (IIT) 16.7X10-"f 390 0.149 
NH,Br (III) 14.2X10-"f 319 0.118 
NH,I (III) 11.2X10-% 279 0.114 








where f and e have the same meaning as before. The 
distances used were rynp=1.02 A, ryr=2.69 A, rnc 
= 3.34 A, rypr=3.50 A, and ry;=3.78 A. The results are 
listed in Table VII. The discrepancy between NH,F 
and the other salts no longer appears. Of course, this 
calculation should not be taken too seriously, but 
it does suggest that the torsional force constants arise 
primarily from the attraction of the nearest-neighbor 
ions toward which the N—H bonds are directed and that 
the effect of the remainder of the lattice is less important 
than appeared in the simple point-charge electrostatic 
model. Further refinements of the model must include 
an allowance for such effects as the nonspherical charge 
distribution of the nearest-neighbor halide ions. 


CONCLUSIONS 


The infrared spectrum of NH,F is remarkable for a 
compound with moderately strong hydrogen bonds be- 
cause of the sharpness of the lines. At —195°C it is 
consistent only with an accurately tetrahedral arrange- 
ment of nearest-neighbor fluoride ions about each 
ammonium ion. At room temperature the x-ray pattern 
also shows a tetrahedral arrangement, but the spec- 
trum may indicate disorder. If that is the case, the 
nature of disordering is not clear. 

The authors wish to acknowledge the aid of Dr. G. B. 
Carpenter in obtaining the x-ray diffraction pattern of 
NH.F, and one of them (R.C.P.) wishes to thank the 
E. I. du Pont de Nemours and Company, Inc. for its 
aid while this work was being carried out. 
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Molecular orbital theory has been used to describe the electronic structure of ferrocene and related com- 
pounds. It is shown that, provided the valence-state promotion energies are considered, the thermochemistry 


and magnetic properties may be understood. 





INCE the first proposal of the “sandwich” struc- 
ture for bis-cyclopentadienyl iron (II)! (ferrocene), 
a number of different explanations of the stability and 
magnetic behavior of the metal bis-cyclopentadienyls 
have been advanced. The original tentative suggestion 
that the stability arises as a result of the central atom 
achieving a krypton shell! was clearly untenable after 
the preparation of stable bis-cyclopentadienyls contain- 
ing different numbers of electrons, and the various 
subsequent attempts to explain these properties by 
assigning some of the electrons to bonds and others to 
atomic orbitals have been imprecise, or unsatisfactory 
for one reason or another. 

The bis-cyclopentadienyls have also been discussed 
in terms of molecular orbital theory,?~* although up 
till now only in a more or less qualitative fashion. Here 
we shall discuss the problem in a semiquantitative 
manner and show that molecular orbital theory can 
give a satisfactory account of the thermochemical and 
magnetic evidence which has been obtained for these 
compounds. 

The basic theory, which is treated in more detail in 
Moffitt’s paper,’ is summarized below. In the point 
group Dsa=Cs5,Xi, the mw orbitals of the pair of cyclo- 
pentadieny] radicals transform as dig, Gin, €1g, €1u, €29, €2u, 
with stabilities a; >e,;>¢2 and g’s and w’s roughly degen- 
erate ; the d orbitals of the metal transform as @1,, é19, €29, 
degenerate for an isolated atom. The 4s metal orbital 
transforms as @1,. The 4/ metal orbitals transform as a1., 
€1u. The molecular orbitals are formed by linear combina- 
tions of metal and cyclopentadieny] orbitals of like trans- 
formation properties. The most stable molecular orbi- 
tals are, in approximate order of stability: a1,(7,3d,4s), 
1u(4,4p), €1g(a,3d). The order of the next three levels, 
€2(m,3d), Aig (1,3d,45), €1u(1,4p) is less certain and will 
vary from one metal to the next. These orbitals can 
accommodate exactly 18 electrons and are therefore 
fully occupied in the iron compound. The remaining 


* Contribution No. 1959 from the Gates and Crellin Labora- 
tories. 

+t Now at National Institutes of Health, Bethesda, Maryland. 

t Arthur A. Noyes Fellow, 1954. 

§ Present address: The Laboratory of Molecular Structure and 
Spectra, The University of Chicago, Chicago 37, Illinois. 

1 Wilkinson, Rosenblum, Whiting, and Woodward, J. Am. 
Chem. Soc. 74, 2125 (1952); E. O. Fischer and W. Pfab, Z. 
Naturforsch. 78, 377 (1952). 

2H. H. Jaffé, J. Chem. Phys. 21, 156 (1953). 

3 W. Moffitt, J. Am. Chem. Soc. 76, 3386 (1954). 

4J. D. Dunitz and L. E. Orgel, Nature 171, 121 (1953). 


orbitals are of relatively low stability but they must 
accommodate the extra electrons in the bis-cyclo- 
pentadienyls of cobalt (II) and nickel (II). 

In order to assess more accurately the relative im- 
portance of the different molecular orbitals in providing 
the binding energy in ferrocene and related compounds, 
we have tried to obtain semiquantitative evidence by 
calculating the overlap integrals between the metal 
atom and the ring orbitals. Since the 3d and 4s electrons 
on the metal atom have very similar ionization poten- 
tials it seems plausible to take the matrix elements for 
the interactions as roughly proportional to the overlap 
integrals. 

The actual evaluation of the overlap integrals is 
complicated by the fact that the direction of quantiza- 
tion for the metal orbitals must be taken as the five- 
fold axis, which is inclined at an angle of about 36° 
to the Fe—C bond directions. 

The first stage is to resolve these orbitals into new 
orbitals corresponding to quantization about the metal- 
carbon bond directions, e.g., a p, orbital in the first 
system of coordinates becomes ,’ cosw—,’ sinw in a 
new coordinate system chosen as in Fig. 1 in which the 
metal-carbon bond direction is taken as the 2’ axis. 
The other orbitals transform as follows: 


Ve=Ve 
Yr.=Wpz Cosw—pz Sinw 
Yda=wWa,/2(cos*w— Fs sin’w) 
—4y/3Wdz 2 Sin2wt3r/3ypaz"_y” sin’w 
Wdr2=30/5a,"2 Sin2wt+yYdy 2 cos2w—Fpadz'2_y’? sin2w 


Wdz_y2=34/3pa,"”2 sin’w+ syadz2 sin2w 
+4yaz"_y’2(1+cos’w). 


This enables us to express the overlap integral ~,, 
between a metal u-orbital (quantized with respect to 
the fivefold axis) and a p,1-orbital on a single-carbon 
atom in the xz plane, in terms of conventional overlap 
integrals. The overlap integrals between metal orbitals 
and molecular orbitals of a cyclopentadienyl ring are 
multiples of 24 and may be determined from the known 
forms of the M.O.’s and the transformation properties 
of the metal orbitals. Thus, for the e2, orbital the 
molecular overlap integral is seen from Fig. 2 to be 
(c:+2c2 cos36°-+2c3 cos72°) Zdz2y% (The angles 36° 
and 72° appear because of the angular dependence of 
the d,+_,? orbital on cos2¢.) The coefficients c; are given 
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by simple LCAO theory and on substituting for them 
we obtain a value of 1/3 2a,*_,2, provided that we 
neglect overlap in the LCAO calculations. The final 
forms of these overlap integrals, multiplied by »/2 to 
give complete molecular overlap integrals, are: 


S (d19,45) =4/10.S??0% cosw 
S(d1g,3d 22) = +/10{.S??0%4e cosw(cos’w— 4 sin’w) 

—1/3S°?r4z sin2w sinw} 

S(€19,3d22) =V/ 5{34/3S?? 0% sin2w cosw 
+ .S??r%4z cos2w sinw} 

S (€29,3d22_y?) =*/ 5{ 4+/ 3S7?0%4e sin?w cosw 
+35??r54r sin2w sinw}. 
To obtain numerical values for the overlap integrals, 
we have assumed that a=1.6 for the carbon-atom 
orbitals, in accord with Slater’s rules.* Unfortunately, 
Slater’s rules are not applicable to the iron 3d and 4s 


orbitals, and we have followed the recommendations 
of Craig et al.6 and taken ar3a=QFe1s=Qe. However, 











7C 
4 
/ 
/ 
yr 7 
T 2” 
Fic. 1. The relation of 
the new coordinate system 
to that based on the five- o- 
fold axis. 
Fe — x 
x’ 


since the numerical overlap integrals in this range are 
quite sensitive to the choice of a, we have also made our 
calculations for a somewhat higher value, aresa=@Feds 
=2.0. The changes which occur are significant, but 
since our interest here is in orders of magnitude rather 
than in detailed results, we shall confine our future 
discussion to calculations made with the lower value. 
We have used the standard tables’ to obtain values of 
the overlap integrals. The 4s2fo overlaps were obtained 
by interpolation between 3s2po and 5s2o overlaps. 
The final values for the overlap integrals between 
metal and complete molecular orbitals are given in 
column I of Table I. These results are valid only if we 
neglect overlap between z orbitals on the cyclo- 
pentadienyl radicals. To include overlap, they must 





°J. C. Slater, Phys. Rev. 36, 57 (1930). 

° Craig, Maccoll, Nyholm, Orgel, and Sutton, J. Chem. Soc. 
(London) 332 (1954). 

7 Mullikan, Riecke, Orloff, and Orloff, J. Chem. Phys. 17, 1248 
(1949); H. H. Jaffé, ibid. 21, 258 (1953); H. H. Jaffé and G. O. 
Doak, ibid. 21, 196 (1953), 
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Fic. 2. The orientation of the é2, orbital relative to 
the molecular framework. 


be multiplied by an appropriate normalizing factor 
(/5C%i;(cic;Si;) -*) for the cyclopentadieny] orbital 
in question, where S;;=1, S;;=0.25 if 7 is adjacent to 7, 
and zero otherwise. The results including overlap are 
listed in column II. 

In order to relate these results to the bonding ener- 
gies of the molecular orbitals we shall assume (1) that 
the matrix element for the e;, interaction is 2 ev and (2) 
that the other matrix elements involving 3d or 4s elec- 
trons may be obtained from our assumption of pro- 
portionality of overlaps to matrix elements. Values 
obtained thus are given in column III. Our choice of 
2 ev is empirical and is consistent with values ordinarily 
adopted for bond energies. 

We have omitted any discussion of the 4 orbitals. 
It is difficult to assign a values to them and to make 
adequate allowance for their low-electron affinity. 
Although their bonding energies are less than would be 
suggested by their overlaps, the latter are quite large 
and so the energy quantities which we are neglecting 
here may be considerable. 

We accept Moffitt’s calculations’ which place the e1, 
orbital of the cyclopentadienyl] pair at about the same 
level as the e1, orbital of iron. The binding energy 
provided by the e1, orbitals is therefore 2 ev per elec- 
tron, or, in all, 8 ev. The binding energies of the other 
orbitals depend on a choice of a value for 6, the con- 
ventional parameter of the LCAO theory. The energies 
of the cyclopentadienyl molecular orbitals, a1,, ¢1,, and 
€o, are —28, —0.628, and +1.626 respectively, and 


TaBLe I. Column I, values of overlap integrals neglecting over- 
lap between z orbitals on the cyclopentadieny] radicals. Column II, 
corrected values of overlap integrals. Column ITI, values of corre- 
sponding matrix elements, in ev. 








I II III (ev) 





S(a1g, 4s) 0.61 0.50 2.7 
S(a1g, 3d;*) 0.01 0.01 0.0 
S(eig, 3dz2) 0.40 0.37 2.0 
S(€29, 3dz*-y2) 0.23 0.29 — 1.6 
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Fic. 3. The calculated energy-level diagram for neutral 
metal bis-cyclopentadienyls. 
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taking B=60 kcal mole~', the ai, and é2, orbitals lie 
3.6 ev below and 5.8 ev above the é1, levels. 

The binding energies for the a1, and é, orbitals are 
now obtained from the secular equations :° 


y 2.7 y 1.6 
=() =(. 
2.7 y—3.6 16 y+5.8 
Aig C29 


We find that for a, the lower orbital (mostly on the 
cyclopentadieny] radicals) is stabilized by 1.4 ev per 
electron (or 2.8 ev for the electron pair), while the 
upper orbital, largely Fe(4s), is destablized by the same 
amount. The a, (3d,2) orbital is hardly affected on this 
approximation since its matrix element is close to zero. 
The lower é2, orbital (mostly on the iron atom) is 
lowered by 0.4 ev per electron (1.6 ev for 4 electrons) 
while the upper ¢2, orbital (the antibonding bis-cyclo- 
pentadienyl orbital) is raised by a corresponding 
amount. We find, therefore, that the total bonding 
energy between the iron atom and the cyclopentadienyl 
rings is about 12.4 ev or 286 kcal mole for ferrocene. 
It should be clear that bonding in the a1, and é2, orbitals 
leads to transfer of charge in opposite directions, so 
that the actual charge separation cannot be very large. 

8 The degeneracy of the 3d and 4s electrons of the metal is 
implicit in all of these calculations. In the transition-metal series, 
it is impossible to give an energy-level diagram which correctly 
predicts the positions of all the different electronic states as 
these depend strongly on the actual arrangement of electrons 


within a configuration. On the whole, the evidence suggests that 
the 4s and 3d orbitals are almost equi-energetic. 


D. DUNITZ AND L. E. ORGEL 


Moffitt® has postulated a mixing and splitting of the 
3d and 4s levels, due to the electrostatic perturbation 
caused by the cyclopentadienyl electrons. That a 
splitting must exist is certain, but we feel unable to 
assess its magnitude. Its effect would be to raise the 
upper a1, level of the iron atom, and lower the other. 
The variation of the positions of the three ay, levels 
with the size of this interaction is obtained from the 
secular equation 


y—3.6 0 2.7 
0 y «|=0 
27 2 9 


where x is the matrix element tending to mix the 3d, 
and 4s orbitals. In our subsequent discussion, we shall 
see that there is a further effect tending to mix the 
3d,: and 4s orbitals, namely, the lower energy of the d’s 
valence state compared with the energies of d®s? and dé 
valence states. 

The energy level diagram (Fig. 3) has been drawn in 
accordance with the arguments and rough calculations 
presented above. The full lines represent levels calcu- 
lated neglecting 3d, 4s mixing; the dotted lines repre- 
sent levels with this interaction taken into account, 
assuming the matrix element « equal to 1 ev. 

In bis-cyclopentadienyl nickel (II) two more elec- 
trons must be accommodated in the available orbitals. 
There are three sets of orbitals which may be used: 
the e:,’ antibonding orbital, the a,,”" orbital, and the 
metal p-orbitals. We are inclined to think that the 
€i7/ and a,,” orbitals lie below the 4f-orbitals (which 
themselves are raised by bonding interactions with the 
cyclopentadieny] radicals). We cannot calculate whether 
the e,,’ or the a;,’’ orbital lies lowest, nor can we be 
certain that they are indeed below the p-orbitals, but 
we think that the most probable assignment of these 
electrons is (€1,’)' (aig’’)! or (€19’)?. 

In any case, since the lowest available orbitals 
(€19’,@1g"") in bis-cyclopentadienyl] nickel (II) lie about 
2 ev above the highest occupied orbital in the nickel 
atom, we expect that the total bonding energy between 
the metal atom and the cyclopentadienyl rings is 
about 4 ev less than in ferrocene, or about 8.4 ev 
(194 kcal mole). 

The heats of formation of bis-cyclopentadieny] iron 
(II) and bis-cyclopentadienyl nickel (II) from metal 
atoms and cyclopentadienyl radicals have been esti- 
mated to be 147 and 123 kcal mole respectively.’ 
These figures cannot be compared directly with the 
calculated energy of the metal cyclopentadienyl bonds. 
In order to effect such a comparison, the latter must 
first be corrected for (1) promotion energy to the val- 
ence state of the metal atom, (2) repulsion between 
nonbonded electrons, and (3) loss of resonance energy 
in the ring. We cannot calculate (2) and (3), but we 
guess that, together, they amount to between 2 and 3 


® Wilkinson, Pauson, and Cotton, J. Am. Chem. Soc. 76, 1970 
(1954). 
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ev, and are not very different for the iron, cobalt, and 
nickel compounds. The valence-state promotion ener- 
gies, on the other hand, vary very much from one 
metal to another and we have calculated them. 

For iron, the lowest configuration able to produce a 
suitable valence state is 3d%4s? with the particular 
assignment of electrons (d,,)?(dz2_y2)*[ (dzz)!(dyz)' |(s)? 
or (d42)?(d_»)*[ (d,1)'(d_1)! |(s)? where dy,» is the 3d or- 
bital with 2 units of angular momentum about the five- 
fold axis, etc. The electrons within the square bracket 
are valence electrons and have randomly oriented spin. 
We can now calculate the electrostatic repulsion energy 
between the 3d electrons in such a valence state in 
terms of Slater-Condon parameters! as 15F)—6F2 
—250F4. The corresponding energy in the ground state 
is 15Fo—35F2—315F, and hence the promotion energy 
is 29F>+65F 4 which we estimate as 48 000+4000 cm—, 
about 140 kcal mole, taking F,=1430 cm and 
F,=105 cm™, values which give a satisfactory inter- 
pretation of the iron spectrum." Promotion energies to 
valence states arising from other configurations will also 
be required. From the ground state of iron to the val- 
ence states of 3d74s, (do)!(d;2)?(d_2)"[ (dy1)'(d_1)! ](s)! 
and 3d8, (do)?(d42)?(d_s)"[ (dy1)'(d_1)'], the promotion 
energies are 29 000 cm™ and 53 000 cm~ respectively. 

For nickel, we first consider the hypothetical val- 
ence state arising from the configuration 3d*%4s°, 
(do)? (d42)?(d_»)*[_ (d41)'(d_1)' ](s)?. The valence state, 
ground state, and promotion energies are 28F)—44F2 
—382F,, 28Fo—50F 2—387F 4, and 6Fo+5F;, respec- 
tively, i.e., the promotion energy is now only about 
9500 cm or 28 kcal mole. The promotion energy to a 
valence state of nickel arising from 3d*4s4p is at least 
35 000 cm™ but may be larger. 

These values are seen to be reasonable in the follow- 
ing way. The valence state, 3d°4s?, of iron in ferrocene 
is a mixture of singlet and triplet states with weights 
1 and 3 respectively. The observed” singlet states of the 
3d°4s* configuration for iron lie between 29000 cm~! 
and 35 000 cm™, and the triplets between 19 000 cm—! 
and 29000 cm, above the quintet ground state. A 
detailed comparison with the spectrum of Fet++ and 
consideration of the calculations of Platt and Laporte” 
show, however, that there must be upper singlets and 
triplets (not observed in neutral iron itself) which lie as 
high as 80 000 and 48 000 cm~ respectively. Thus our 
value of 48 000 cm™ lies near the middle of the possible 
range. The lower promotion energy in nickel is due to 
the ground state having the same multiplicity as the 
greater part of the valence state and contributing 
heavily to it. 

We see that the promotion energy to the valence state 





“E. U. Condon and G. H. Shortley, The Theory of Atomic 
Spectra (Cambridge University Press, London, 1935), chapter VI. 

"L. E. Orgel, J. Chem. Phys. (to be published). 

” All data on atomic spectra are taken from Alomic Energy 
Levels (Natl. Bur. Standards, Washington, D. C.), Vol. I, 1949, 
Vol. IT, 1952. 

Q. Laporte and J. Platt, Phys. Rev. 61, 305 (1942). 


of iron in ferrocene depends on the extent to which 
the 3d,2 and 4s orbitals are mixed together in the a’1, 
orbital. It certainly could not be less than 40 000 cm 
(115 kcal mole), and a value of about 125 kcal mole 
seems most probable. Adding the heat of formation 
(147 kcal mole~') and the correction for (2) and (3) 
(60 kcal mole), we obtain a total bonding energy 
of about 320 kcal mole compared with the calculated 
286 kcal mole. The agreement is reasonable since we 
have neglected bonding using 4p-orbitals and the addi- 
tional stabilization arising from Moffitt’s mixing and 
splitting. With the matrix element x equal to 1 ev 
(see Fig. 3) ai, is further stabilized by an extra 0.4 ev 
per electron and a’), is stabilized by 0.3 ev per electron, 
a total additional stabilization of 1.4 ev (32 kcal mole). 
Of course, all this shows only that the various guesses 
which we have made have been sensible ones. But 
then our treatment is to be regarded not as an attempt 
to calculate the bonding energy a@ priori but rather as 
an indication of how it is made up from the contribu- 
tions of the different orbitals. 

In the same way, for the nickel compound, if we add 
the valence-state promotion energy (28 kcal mole), 
the observed heat of formation (123 kcal mole), and 
the same correction for (2) and (3) (60 kcal mole~), 
we obtain 211 kcal mole compared with the calcu- 
lated 194 kcal mole for the total bonding energy. The 
two values are as close as can be expected, considering 
the nature of the approximations involved. 

Our conclusion that antibonding e;,’ and a,,’’ orbitals 
are occupied in bis-cyclopentadienyl nickel (II) is 
supported by recent structural studies. In ferrocene, 
the iron-carbon distances are about 2.05 A as found 
both by x-ray" and electron diffraction. In the nickel 
compound, preliminary electron-diffraction work indi- 
cates that the mean nickel-carbon distance is about 
0.15 A greater.'® Comparison of the unit cell dimen- 
sions'* indicates a similar lengthening of about 0.1 A. 

Further evidence comes from comparison of the 
infrared spectra of these compounds.*!”? The sharp 
peak at 817 cm™ in the ferrocene spectrum is likely to 
arise from Fe—C stretching; in the nickel compound, 
the corresponding peak has moved to 775 cm~, indi- 
cating a weaker and longer metal to ring bond. Further- 
more, the peak at 1420 cm~ in ferrocene, attributed to 
C—C stretching,!* is moved to slightly higher wave 
number in bis-cyclopentadienyl nickel (II) (~1440 


14 Dunitz, Orgel, and Rich (to be published). 

15 Berndt, Hamilton, and Hedberg (to be published). 

16 W. Pfab and E. O. Fischer, Z. anorg. u. allgem. Chem. 274, 
316 (1953). 

17 Tn the legend to Fig. 1 of the paper by Wilkinson, Pauson, and 
Cotton, it would appear that a mistake in the labeling of the 
infrared spectra has occurred ; the spectrum ascribed to (CsHs)2Ni 
coincides with an earlier infrared spectrum of ferrocene [Kaplan, 
Kester, and Katz, J. Am. Chem. Soc. 75, 5531 (1952)], and also 
with the spectrum assigned to ferrocene in Fig. 2 of the paper. 
Thus, in Fig. 1 of the paper, we believe that we should read 
(CsHs)2Fe for (CsH;)2Ni, and vice versa. 

( as 5 Lippincott and R. D. Nelson, J. Chem. Phys. 21, 1307 
1953). 
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cm), indicating that the carbon-carbon bonds are 
slightly stronger in the nickel compound than in ferro- 
cene, as would follow from at least partial occupancy 
of the e,’ orbital. The unit cell lengths'® and also the 
electron diffraction evidence! likewise suggest a very 
slight but probably significant shortening of the carbon- 
carbon bonds. 

The energy-level diagram which we have drawn will 
probably be adequate for the neutral bis-cyclopenta- 
dienyls, although even in these there will be slight shifts 
of the metal orbital energies with respect to the constant 
energy-level scheme of the bis-cyclopentadienyl radi- 
cals. It is clear, however, that for charged compounds 
the situation is very different. To take an extreme ex- 
ample, the ionization potential of Ti** is 28 ev so that 
the d-orbitals are much more stable than any of the bis- 
cyclopentadieny] w orbitals. Consequently much of the 
stability of the bis-cyclopentadienyl titanium (IV) 
cation'® must come from the ionic character of the 
titantium-cyclopentadienyl bonds which will distribute 
the formal charge of +2 in the titanium atom over the 
entire molecule. A simple calculation, like those of the 
previous sections, shows that, electron for electron, the 
i, orbital is about as effective as the e,, orbital in bond- 
ing. In the bis-cyclopentadienyls of iron (III), cobalt 
(III) and nickel (III),!° the situation is intermediate, 
since the metals have ionization potentials of about 16 
ev, but the energy-level diagrams are certainly very 
different from those of the neutral compounds. In all 
of these, ionic contributions to the bonding must be 
quite important. 

Predictions of the magnetic properties of the bis- 
cyclopentadienyls follow from the energy-level diagram. 


19 Wilkinson, Pauson, Birmingham, and Cotton, J. Am. Chem. 
Soc. 75, 1011 (1953). 


D. DUNITZ AND L. E. ORGEL 


It will be seen that in the case of ferrocene all electrons 
are paired in orbitals up to ai,’ and so we get diamag- 
netism. Addition or removal of one electron, as in bis- 
cyclopentadienyl cobalt (II)*” and _bis-cyclopenta- 
dienyl manganese (II),”" respectively, must give one 
unpaired spin. Addition of two electrons would give a 
triplet ground state, as observed for bis-cyclopenta- 
dienyl nickel (II),° provided that they do not both 
go into the a,” orbital. Thus the magnetism does not 
distinguish between (e1,’)*, (€19’)(aig’”’), (4p) (aiy”), 
(4p), etc. The ai,’ and é2, levels lie very close together. 
Removal of two electrons from é2, or one each from 
di,’ and é, would give a triplet ground state for bis- 
cyclopentadienyl chromium (II) as is found experi- 
mentally.% Bis-cyclopentadienyl vanadium (II) has 
been recently shown to have 3 unpaired spins** which 
must arise from the arrangement (¢é2,)"(a1,’)'. We are 
unable to find any published results on the magnetic 
properties of bis-cyclopentadienyl titanium (II). We 
suspect, however, that it should be paramagnetic, with 
2 unpaired spins. 

No barrier to rotation of the cyclopentadienyl rings 
relative to one another is to be expected from the 
molecular orbital treatment. However, the normal 
steric repulsion between nonbonded carbon atoms will 
favor the staggered Dsa configuration in ferrocene 
where the perpendicular distance between the cyclo- 
pentadienyl planes is only 3.2 A.* The corresponding 
distance in bis-cyclopentadienyl nickel (II) is about 
3.4 A,!® and hence rotation should occur more readily. 


2” FE. O. Fischer and R. Jira, Z. Naturforsch. 8B, 327 (1953). 

21F, Engelman, Z. Naturforsch. 8B, 775 (1953); G. Wilkinson 
and F. A. Cotton, Chemistry and Industry 307 (1954). 

2 FE. O. Fischer and R. Jira, Z. Naturforsch. 8B, 217 (1953). 

3G. Wilkinson, J. Am. Chem. Soc. 76, 209 (1954). 

24 FE, O. Fischer and W. Hafner, Z. Naturforsch. 9B, 503 (1954). 
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Measurement of the Magnetic Susceptibility of Manganese Nitride Mn;N, 
by a Microvibration Method 


Y. L. Youser, R. K. Grrois, AND H. MIKHAIL 
Physics Department, Faculty of Science, University of Cairo, Giza, Egypt 
(Received September 10, 1954) 


The susceptibility-temperature relationship of carefully prepared manganese nitride Mn;N2 was measured 
over the temperature range —180°C to 530°C. The Curie-Weiss law x=C/(T—@) was found to hold, 
with 6=—1070 and C=0.0316 emu deg/g. The effective Bohr magneton number is 3.94 per Mn, and 
is in reasonable agreement with the theoretical value 3.87 for 3 unpaired electrons. This suggests that 
Mn;Nz behaves as a coordination compound with 4 electron-pair bonds. 

A new microvibration technique, particularly suitable for susceptibility investigations of materials 
available in small amounts, has been developed for the present work. The underlying principle is to modulate 
the magnetic field and to translate the periodic force on the material into a periodic displacement of an 
elastic strip. The force is measured dynamically in terms of a compensating electrostatic force, an electronic 
circuit being used as a null detector. Accuracy to 10~ dyne is claimed. 





INTRODUCTION 


T has long been known that manganese combines 

with nitrogen to form compounds with peculiar 
magnetic properties.! In recent times, Guillaud and 
Wyart’ prepared nitrided manganese alloys and re- 
ported, in conformity with earlier work by Hagg* and 
Schenck and Kortengiber,‘ that for nitrogen content 
between 8.5 to 28.5 atomic percent, the nitrides are 
ferromagnetic with maximum saturation at the com- 
position Mn,N, denoted by the ¢ phase. However, 
beyond the composition corresponding to the £ phase 
Mn;Ng, the alloys cease to be ferromagnetic. 

In the present contribution, it was thought worth 
while to carry out magnetic investigations on the & 
phase having the composition Mn;Ne, with a view to 
elucidating the status in which manganese exists in 
that structure. 


PREPARATION OF Mn;N, 


The nitride was carefully prepared by Professor 
Jantsch of the Institut fiir Anorg. Chem. Technologie 
und Analytische Chemie, Technische Hochschule, Graz. 
The method of preparation consisted in the nitriding at 
825°C and 10 atmospheres pressure of very pure elec- 
trolytic manganese powder (Mn, 99.6 percent, H, 0.4 
percent) which was obtained in a finely divided state 
from the amalgam by distilling off mercury in a stream 
of pure, dry nitrogen. The formation took place in a 
bomb calorimeter supplied with a heating coil, and a 
reaction with 99.9 percent pure compressed nitrogen 
lasted two minutes. The composition of the nitride 
was determined by the Kjeldahl micro method. The 


'E. Wedekind and T. Veit, Ber. deut. chem. Ges. 41, 3769 
(1908); P. Weiss and K. Onnes, Compt. rend. 150, 686 (1910); 
and T. Ishiwara, Sci. Repts. Téhoku Imp. Univ. 5, 53 (1916). 

* C. Guillaud and J. Wyart, Compt. rend. 222, 71 (1946); Rev. 
Met. 45, 271 (1948). 

*G. Hiagg, Z. physik. Chem. (B) 4, 346 (1929). 

*R. Schenck and A. Kortengriber, Z. anorg. allgem. Chem. 
210, 273 (1933). 


nitrogen content was 9.47 percent. Homogeneity was 
stated to have been tested electron optically. 


EXPERIMENTAL MEASUREMENTS 


In the earlier stages of this work some experiments 
were perfomed on the temperature dependence of the 
susceptibility between 20°C and 530°C by the con- 
ventional Gouy method. The magnetic pull was meas- 
ured by a chemical balance. The actual susceptibility 
at room temperature was determined by comparison 
with ferrous ammonium sulfate and also with man- 
ganese sulfate; the usual correction for ferromagnetic 
impurity by observations at different fields was applied.*® 
When investigating the temperature dependence, the 
sample was contained in an evacuated and sealed 
Pyrex-glass vial. 

The electromagnet used in the static measurements 
could supply fields up to 2300 oersteds in a gap of 2.5 cm. 
The container of the sample was sufficiently loaded by 
a suspended stretching weight to suppress lateral dis- 
placements when the field is established. The tempera- 
ture was varied by means of a cylindrical furnace and 
was measured by a platinum-platinum iridium thermo- 
couple. 

Obviously, the analytical balance method of deter- 
mining the magnetic pull does not lend itself readily 
to measurements at low temperatures (requiring a 
controlled atmosphere), but it was resorted to here 
only for the purpose of comparison (in the region of 
overlap) with our new microvibration method which 
appears to possess decided flexibility. 

Although the Sucksmith ring balance is admirable 
in its simplicity, and can be adapted for operation 
under vacuum and over a wide temperature interval,® 
it was felt desirable to develop the dynamic balance 


which we proposed’ in 1951, and which was subsequently 


5K. Honda, Ann. Phys. Lpz. 32, 1048 (1910); H. Owen, Ann. 
Phys. Lpz. 37, 657 (1912); and L. F. Bates and P. F. Illsley, Proc. 
Phys. Soc. (London) 49, 511 (1937). 

6 W. P. Van Ort, J. Sci. Instr. 28, 279 (1951). 

7 Yousef, Mikhail, and Girgis, Rev. Sci. Instr. 22, 342 (1951). 
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realized in a practicable form, though of restricted use, 
by one of us® (Y. L. Y.) early in 1953. 

Our new microvibration arrangement, which we 
shall describe in detail in the following section, involves 
radical modifications in the technique employed in the 
earlier prototype, particularly as regards the adapt- 
ability for temperature dependence investigations. The 
broad outline of the present method is the use of a small 
magnetic field with low-frequency modulation to exert 
on the specimen under test a sinusoidal force which is 
communicated to a properly damped resonant reed, the 
resulting mechanical vibrations being detected elec- 
tronically by the capacity change they produce in a 
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Fic. 1. The reed balance, complete with the power supply for 
the electromagnet and the electrical detector where X =elastic 
reed, G=glass suspension rod, S=material under test, Yi=vi- 
brating end of the reed, Y2= balancing electrode, D, D= damping 
vanes, E=capacity electrode, J/=gas-tight bell jar, Ri= 1000 Q, 
20 watt, adjustable for phase correction, Re=2000, 20 watt, 
regulating rheostat, Rs=50KQ2, R4=20KQ, P1,P2=100KQ poten- 
tial dividers, adjustable at the working middle portions, C;=25 
—100 wf, 250 v, C2=30 uf, 350 v, C3=20 uf, 350 v, Ce=300 puf 
variable air condenser, C;=0.0001 yf blocking condenser, Cs=0.1 
uf, M,M=two small relay electromagnets, each 200 Q, the cores 
being of Permalloy and are included in a magnetic circuit, V=30 V 
source, 20-60 cps, B;=250 V ht supply, 200 mA, B,=100 V ht 
supply for Vi, Vi=6J5 valve used below normal rating to operate 
the vibration detector, V,V=ac voltmeter serving as a null 
detector, O= quartz crystal oscillator, 6-8 Mc/sec, ma= milliam- 
meter, 5 mA range, and Ch=1 mH hf choke. 


SY. L. Yousef, Brit. J. Appl. Phys. 4, 46 (1953). 


AND MIKHAIL 


high Q circuit. The alternating magnetic force is counter- 
poised by a suitably phased esu force measurable on 
a potentiometer. With this scheme, our preliminary 
static observations were checked, and the range was 
conveniently extended down to liquid nitrogen 
temperature. 


DESCRIPTION OF THE SUSCEPTIBILITY BALANCE 


The essential parts of the microbalance and the 
ancillary equipment are shown in Fig. 1, where X is an 
elastic reed functioning as a balance and is made of a 
phosphor bronze strip 2X1X0.005 cm, soldered at 
one end to an earthed stout brass support T and loaded 
at the other end Y, by the material S under test. The 
connection between S and Y, is effected by means of a 
thin glass rod G suspended from a hook H and attached 
to damping aluminum vanes DD dipped in dry oil and 
serving to reduce, in particular, lateral and rotational 
motions of S. The total suspended load is about 0.5 g, 
but may well be as large as few g. 

A capacity probe £ is situated at about 0.02 cm 
from X and is connected to the vibration detecting 
circuit incorporating the valve V; and a quartz crystal O. 
When slightly off-tune, this circuit is extremely sensi- 
tive to minute capacity changes, the sensitivity amount- 
ing, with reasonable stability, to 0.0005-volt output 
indication for a capacity change of only 10~* wyf. An 
adequate description of a similar circuit has been given 
elsewhere.® 

The loaded end Y;, of the reed is bent at right angles 
to X and is arranged to face a compensating electrode 
Y2 which partially overlaps the upper portion of 1, 
with a clearance of about 0.05 cm. The sensitivity and 
the range of application of the balance may be adjusted 
by adjusting the distances of E and of Y»2 respectively 
by means of screws, omitted from the diagram for the 
sake of simplification. 

The balance may be surrounded by an air-tight 
bell jar J, resting on an ebonite base 7, through which 
all connections can be made. By enclosing the suspension 
rod G and the specimen S in a test tube communicating 
to the sleeve K, the balance may be evacuated when 
necessary—a feature which is particularly important 
in measurements in a controlled atmosphere and at low 
temperatures. 

The magnetic field may be produced by a small coil 
or by two relay electromagnets MM. A high-tension 
source B, of 250 volts may be employed to establish a 
steady (polarizing) field. In a typical case, the electro- 
magnet has a resistance of 400 ohms, and for a current 
of 0.10 amp it produces a field of 70 oersteds in a gap 
which is wide enough (1.85cm) to accomodate 4 
furnace or a cooling bath that may enclose the tube 
surrounding the container of the material under in- 
vestigation. Measures have to be taken to prevent 
serious changes of the temperature of the electromagnet. 

A low-frequency mains JN of 30 v and 28 cps, resonant 
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with the loaded reed X and supplying to the electro- 
magnet a modulating current of 15 mA is resistance- 
capacity coupled to the dc winding of the electromagnet 
by means of the condenser C, and the resistance R;, the 
latter being adjustable for phase correction. Mains 
supply frequency may be employed for modulation if, 
by appropriate loading for example, the reed is made 
to resonate with it. By virtue of the damping due partly 
to the proximity of the electrode E and partly to the 
action of the vanes DD, the frequency response curve 
of the reed is substancially flat around the peak, and 
adjustment to resonance is by no means critical. 

Potential dividers P; and P.2 are connected respec- 
tively across the ac and dc supplies, and are intended 
to provide voltages to the compensating electrode V2. 
A large by-pass consenser C2 across B, and the current 
regulating rheostat R, will help in minimizing the ac 
voltage drop due to R», and to the internal resist- 
ance of By. 

A capacitance C; is joined between Y»2 and the end 
A, of the potentiometer P2. If the reactance of C; is 
small compared with the resistance of each of the two 
parts A;P, and P2A>2 of the dc potentiometer P2, then 
any ac component of the voltage V appearing between 
A, and P, can be made quite insignificant, provided 
that the resistance of the source B, is sufficiently smaller 
than the resistance of the part P2A» of the potential 
divider. 


METHOD OF USE AND CALCULATION OF 
THE SUSCEPTIBILITY 

The theoretical performance of the vibrating reed 
type microbalance has already been briefly discussed 
by one of the present authors (Y. L. Y.).8 In the modi- 
fication here described, the following argument will 
show how the susceptibility can be deduced. 

When the variable contact of the ac potentiometer 
P; is earthed, the resultant potential difference be- 
tween Y,; and VY» will be (v+V), where v and V are 
respectively the alternating and the polarizing volt- 
ages. This gives rise to an electrostatic force at the 
reed end with a vertical component whose effective 
oscillating part is proportional to vV, and would thus 
induce resonant flexural vibrations in the reed. The 
modulated magnetic force, too, has a vertical isofre- 
quentic component proportional to hH, where h is the 
modulating field and H the steady field, also acting at 
the reed end. 

Since the two forces are colinear and act in opposition, 
then with proper synchronization an adjustment of the 
product hH or, more simply, vV will suffice to neutralize 
the vibrations completely. Equilibrium is judged by 
the null indication of the voltmeter VV (Fig. 1). 

In general, the magnetic field in the gap (and ac- 
cordingly, the magnetic force on the specimen) lags 
behind the voltage applied to the electromagnet mainly 
for two reasons, viz., the inductance of the windings and 
the magnetic viscosity of the core. Appropriate phasing 


between the magnetic and the opposing electrostatic 
forces may be brought about by the R,C; coupling 
between the ac source and the electromagnet. With a 
core of Permalloy, the magnetic viscosity is small and 
the phase angle is small and insensitive to changes of 
temperature, frequency or magnetic history,’ so that 
for a given modulating current the alternating field 4 
remains strictly constant—a requirement which is ex- 
tremely essential. 

When required, phase correction without a change 
of the modulating voltage across the electromagnet 
may be achieved if the coupling condenser C; is joined 
in series with an inductance shunted by a variable 
resistance so as to form with C, a constant impedance 
phase shifter.’ 

Since for a fixed circuit resistance the field H, to a 
first approximation, is proportional to the dc supply 
voltage, E say, and h is likewise proportional to the ac 
source voltage, e say, it follows that the effective 
alternating magnetic force is approximately propor- 
tional to eZ. As the counter esu force («vV) is also 
proportional to eH, it comes out that slight voltage 
fluctuations in the power supplies would affect the two 
opposing forces to the same extent, provided that the 
material under test does not show pronounced field 
dependence. The implication of this is that if the forces 
are balanced, and v and V are expressed in terms of the 
settings P; and P: of the potentiometers, the balance 
point will be almost independent of changes in the 
power supplies. This becomes strictly true if the 
magnetic field is produced by an air-cored coil, in which 
case the compensating voltages may be taken entirely 
from a part of the drop on R. 

In investigating the susceptibility x of a substance 
under any condition, it is desirable to obtain the product 
P,P, (which is evidently a measure of x) from the 
slope of the straight line giving 1/P2 as a function of P. 
The manipulation of the apparatus is so simple and 
rapid that the data required for the construction of such 
a curve can be obtained in about one minute. 


TABLE I. Typical results for MnsNe. Mass 0.1 g; steady 
field 70 oersted; modulation frequency 28 cps. 








Setting of 


de = Reading of ac potentiometer P1 (KQ) 
P2 (KQ) 1/P2 —180°C —67°C 24°C 130°C 220°C 305°C 


21.8 0.0459 39.8 35.5 33.2 31.2 28.7 27.0 
25.2 0.0397 34.2 303 29.2 261 25.0 23.7 
29.5 0.0339 29.8 25.9 25.0 22.5 21.0 20.0 
33.3 0.0300 25.8 23.2 21.9 20.2 19.1 17.8 
37.0 0.0270 234 210 196 17.9 166 15.7 
40.7 0.0246 214 190 17.9 165 154 145 
43.0 0.0233 203 179 169 154 145 13.7 











®9R. M. Bozorth, Ferromagnetism (D. Van Nostrand Company, 
Inc., New York, 1951), 796. 

1G. P. Harnwell, Principles of Electricity and Electromagnetism 
(McGraw-Hill Book Company, Inc., New York, 1949), 477. 
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One of the outstanding features of the susceptibility 
measuring equipment we adopted here is that it can be 
entirely operated from an ac mains with small power 
consumption (the electromagnet consumes 4 watts). 
Other features are high sensitivity, flexibility, compact- 
ness, accuracy, and rapidity. The indications are nearly 
independent of voltage supply fluctuations, changes of 
modulating frequency, of sensitivity of the electronic 
circuit, of the elastic properties of the reed, or of its 
distance from the probe electrode. The method offers 
a delicate test for the presence of ferromagnetic im- 
purities either by observing the lag in magnetization 
or by comparison of the susceptibility values at a low 
and at a large field. 


RESULTS 


With the arrangement described, an oscillating force 
whose amplitude is only 0.01 dyne would give an output 


indication of more than one volt. The noise level is 
normally less than 0.005 volt, and for forces of the order 
of magnitude mentioned above the potentiometers can 
be set to give balance accurately to 1 percent. 

Table I gives typical results for MnsN2 at various 
temperatures and Fig. 2 shows a graphical representa- 
tion of these results. 

Figure 3 is derived from the curves of Fig. 2, and it 
represents the variation of x with T. Results obtained on 
the same sample by the conventional Gouy method are 
inserted for comparison. The same room-temperature 
value of x was taken as reference in the two sets of 
observations. 

A very delicate test for the existence of a ferromag- 
netic impurity in a substance can be performed by the 
present arrangement. First, the phasing network is 
adjusted so that a counterbalance of the magnetic force 
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Fic. 3. 1/x vs T relationship for Mn;No. 


may be obtained for a material which is known to con- 
tain no ferromagnetic impurity. The material under 
enquiry is then placed in the field. Failure to secure a 
sharp counterbalance is an indication of the presence 
of a constituent whose magnetization lags behind the 
field—a property which is normally ascribed to ferro- 
magnetics due principally to magnetic viscosity. 

A test carried in this fashion on fresh Mn;No2 gave a 
distinct sign of ferromagnetism, possibly due to traces 
of the e phase. However, after heat treatment in vacuum 
for three hours at 500°C, all evidence of ferromagnetism 
was found to disappear. The results in Figs. 2 and 3 
refer to a heat-treated sample. 


CONCLUSION 


The data shown in Fig. 3 can be represented by a 
Curie-Weiss law 
x=C/(T-9), 


where 6= — 1070 and C=0.0316 emu deg/g. 

The value of the effective Bohr magneton number is 
3.94 per Mn, in good agreement with the theoretical 
value 3.87 for three unpaired electrons. According to 
Pauling’s theory" on the nature of the chemical bond, 
it appears that there is some covalent bonding Mn— Mn 
or Mn—N in which the Mn nonbonding electrons 
occupy only 4 of the 5 3d orbitals. 


1L, Pauling, J. Am. Chem. Soc. 53, 1391 (1931); 54, 988 (1932). 
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The two-constant theory of linear association has been considered further, and methods have been de- 
rived whereby the constants can be evaluated from experimental data. These methods have been applied 
to data on phenanthrene solutions in ethanol. The agreement of the derived curve with experimental points 
is excellent. The experimental data go up to ~3 molal solutions (~65 wt percent soln.). 





INTRODUCTION 


HE basic idea that the deviations from ideality 
in both gases and solutions is the result of the 
aggregation of the molecules is a very old one. Many 
of the pioneers of this branch of science have tried to 
explain these deviations in these terms.!:? Their general 
approach was to assume the aggregation proceeded to a 
limited extent and that the equilibrium that existed 
was one between monomers and dimers or between 
monomers, dimers, and trimers. Higher species were 
ignored. These early attempts were not too successful, 
and with Clausius* and Van der Waals‘ the emphasis, 
especially in gas theory, left aggregation and swung toa 
consideration of intermolecular forces. Lately the in- 
adequacies of this approach have been recognized and 
attention has been directed again at aggregation as a 
cause of the deviations from ideality.’ An interesting 
approach of later date applying to gases has been made 
by Woolley.® 
In the approach used in this paper, the assumption 
is made that all types of aggregation are not only 
possible, but more important, occur to such an extent 
that they must be considered. The basic theory of linear 
association has been previously presented,’ as has the 
n-constant theory. In this paper we shall further 
develop the theory of linear association, derive methods 
for applying the theory to experimental data and give 
some results of the application of this theory to solutions. 


THEORETICAL 
Modes of Growth and Degradation 


In applying the improved two-constant theory to 
actual data, several points must be elucidated. The first 


1L. Boltzman, Ann. Physik 22, 39 (1884); L. Natanson, Ann. 
Physik 38, 288 (1889); J. J. Thomson, Phil. Mag. 18, 233 (1884). 

2 This older work is very ably summarized by J. Jeans, [ntroduc- 
tion to the Kinetic Theory of Gases (The Cambridge University 
Press, New York, 1940); L. B. Loeb, Kinetic Theory of Gases 
(McGraw Hill Book Company, Inc., New York, 1927). 

3 R. Clausius, Forasummary of his work see Die K inetische Theorie 
der Gase (F. Vierweg und Sohn, Braunschweig, 1889), Chap. IT. 

4 Van der Waals, Academisch Proefschrift, Leiden (1873). 

5 For an interesting survey of the many facets of this problem 
and some of the modes of attack on it see, for instance, the Sym- 
posium papers in Chem. Revs. 1, (February, 1949); especially note 
the introductory remarks by Otto Redlich. 

6H. W. Woolley, J. Chem. Phys. 21, 236 (1953). 

7 Pp. J. Blatz, and A. V. Tobolsky, J. Phys. Chem. 49, 77 (1945). 

§ R. Ginell, J. Colloid Sci. 3, 1 (1948); 5, 99 (1950). 

®R. Ginell, J. Polymer Sci. 7, 413 (1951). 

1 R, Ginell, Ann. N. Y. Acad. Sci. April, 1955. 


consists of a consideration of the multiplicity of modes 
of attachment or detachment of a 1-mer particle. The 
number of ways in which a 1-mer can add to a j-mer 
will enter into the equation as a coefficient. The ques- 
tion arises as to whether this would affect the form of the 
final solutions and hence make a comparison of the 
data with the theory dependent upon choosing the 
correct mechanism or structure of the j-mer. This is an 
important consideration since we often know very little 
about the structure of the higher j-mers, and if our 
solution depended upon this structure, we would need 
a great number of sets of equations. It can be shown 
readily that the final form of the equations is inde- 
pendent of the modes of attachment and detachment. 
All the possible reactions under our assumptions are 
summarized by the following equations (see Table I): 


ku 

Ny+N1=2N2 (1a) 
hi 
ki; 

Mm+njeNj41 (722). (1b) 


Mj 


The differential equations describing the rates of 
growth and degradation of the various species are then: 


dn, M-1 
—= — Akyynyn—Gki jm, - Nz 
dt xz=2 


M 
+2Chine+ Eh; z. Nez (2a) 
z=3 








dn Aku 
see ane — Gk jnn2+ nyny+ El; jn3— Clyne (2b) 
dt 2 
dnz3 
= —Gkyjnin3t+Ghkijninet+ El jna— Eling (2c) 
t 
dny-1 
F = —Gkijn\nu_-s1t+Ghkijniny_2 
t 
+ El jny— Ely jny-s [2(m— 1)] 
dn 
=" +Ghkijniny—-i— Elin. (2m) 
t 
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LINEAR ASSOCIATION IN 


This set of equations is consistent with the laws of 
conservation of mass which may be stated as: 


d > xn,/dt=0. 


An assumption made here is that all j-mers (722) 
have the same number of modes of attachment and 
detachment which, however, may be different from the 
modes of attachment of the 1-mer—1-mer combination. 
This is a plausible assumption and stems directly from 
the assumption of linear chain formation. 

Now, adding Eqs. (2b) through (2m) and setting 
all the terms du,/dt equal to zero since we are consider- 
ing equilibrium conditions, and solving we get: 





Ky)’ 
N2=—n? (3a) 
where 
A 
Ky)’ _ —Ky. 
C 
Similarly by repeating this process we find that: 
Ku'K,; (3-2) y,7 
1;= : , j22 (3b) 
where 
G 
K,;' — —K;. 
E 


Equations (3a) and (3b) are identical in form to the 
equations in the paper of Ginell,® differing only in a 
factor of (})*-* in the case of Eq. (3b). This difference 
stems from the fact that the equations in the latter 
paper assume two modes of degradation, one for each 
end. The equations in this paper are more general when 
this is stated in terms of K’’s. 

Thus we see that while the number of modes of 
growth and degradation will have a bearing on the 
true value of the equilibrium constant, the equations 
can be solved for the over-all equilibrium constants 
from the generalized equations. Specific mechanisms 
may then be postulated and inserted to get the value 
of the true equilibrium constant. This, of course, 
greatly simplifies the situation since only one general 
set of equations is needed. 


The Largest Particle 


In considering the equilibrium state arrived at by the 
simultaneous growth and degradation, we ask whether 
there is a maximum size of particle which will not be 
exceeded no matter how large a system is taken. Upon 
consideration it will be apparent that there always will 
be a largest particle if the system is large enough (i.e. 
contains enough particles). However, practical experi- 
ments are often not done with such large samples of 
matter, and hence the amount of material may have a 
bearing on the actual size of the largest particle. This 
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TABLE I. Table of symbols. 








A=number of possible modes of combination of a 1-mer. 
B,=2xC:—2Cz. 
B,=Z«nz,—Znz. 
C=number of possible modes of degradation of a 2-mer to 
two 1-mers. 
Ci=concentration (molar or molal) of a 1-mer in solution 
equals 21/Nod. 
C;=concentration (molar or molal) of a particular j-mer in 
solution equals n;/Nod. 
D.= (Ken! —2Ke1;’). 
Dn= (Ku —2K;;’). 
E=number of possible modes of degradation of a j-mer to a 
1-mer and a (j—1)-mer. 
G=number of possible modes of combination of a 1-mer with 
a j-mer. 
Ku=hi/li1=true equilibrium constant for the formation of a 
2-mer from two 1-mers. 
Ki;=h1;/l4;=true equilibrium constant for the formation of 
j-mers (723) from a (j—1)-mer and a 1-mer. 
Ku’ = (A/C) Ki:'=generalized equilibrium constant. 
K,;' = (G/E) Ki;'= generalized equilibrium constant. 
Keu=NobKi1= true equilibrium constant in terms of concentra- 
tion. 
Kaj;= NobKi;= true equilibrium constant in terms of concentra- 
tion. 
Keun’ =(A/C)Keu=generalized equilibrium constant in terms of 
concentration. 
Kaj’ = (G/E)Ka;=generalized equilibrium constant in terms of 
concentration. 
M =the degree of association of the largest particle which will 
be found in a system of infinite extent. 
M,®=molecular weight of 1-mer in grams. 
No=Avogadro’s number. 
N,=number of 1-mers in units of Avogadro’s number. 
N;=number of j-mers in units of Avogadro’s number. 
Py=Zxn,/2n,=W/M,©=2N,=number average degree of as- 
sociation. 
R=universal gas constant. 
W =weight of sample in grams. 
Zn=d=n,z/dBn. 
j= degree of association (an integer). 
j-mer=a particle of degree of association, 7. 
ki,:=second-order specific rate constant for the addition of 
ll 
1-mer to 1-mer; #1-+21—n2. 
ki;=second-order specific mate constant for the addition of 
i 
1-mer to j-mer; 1+;—nj41. 
l1:= first-order specific rate canatennt for the degradation of 
ll 
a 2-mer to two 1-mers; #2—>1+m1. 
l,;= first order specific rate constant for the degradation of 
Li 
a (j+1)-mer toa j-mer and a 1-mer; #j41—"j+m1. 
m= the degree of association of the largest particle present in 
a given system. 
n,=number of 1-mer particles in absolute count. 
n;=number of j-mer particles in absolute count. 
i=time. 
¢@= volume of solution or mass of solvent. 
2C,=the number of avmoles of particles per liter of solution 
(avmolarity) or per 1000 g of solvent (avmolality). 
2x«C,=the stochiometric concentration ; formula weights per liter 
of — (formolarity) or per 1000 g of solvent Somnal- 
ality). 
2N,=2n,/No=the avmolity=the number of particles meas- 
ured in multiples of Avogadro’s number. 
D«N,=Zxnz/No=W/M.=the formolity or the number of 
i-mers which would be present if all the associated par- 
ticles would be completely dissociated, counted in multi- 
ples of Avogadro’s number. The stochiometric concen- 
tration. 
2~n,=the actual number of particles between the limits given. 
2an,=the number of 1-mers, which would be found between the 
given limits if all the associated particles would be com- 
pletely dissociated. 











966 R. GINELL AND J. 


consideration must be taken into account in the forms 
of equations and the methods of mathematical solution 
employed. 

For a finite amount of material several cases can be 
distinguished. 

(1) The equilibrium constant of j-mers, K,;, is very 
large. This means that the rate of growth is very large: 
compared to the rate of degradation. In such a case we 
may exhaust the concentration of 1-mers before equi- 
librium is even reached. Then the substance is in a 
metastable state of pseudo-equilibrium. If this large 
Ky;, implying a large k1;, is accompanied by a small ki; 
then we will produce true high polymers. In this case 
it is possible to partially neglect the degradation 
mechanism. Here k,; is equivalent to an initiation k 
(to use the specialized language of high polymer 
chemistry) and k,; to the rate of growth while /,; func- 
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since there is always present an appreciable amount of 
the lower j-mers. The state here is M>m. 

(3) The equilibrium constant Ky; is small. Here, 
the maximum theoretical size M is attained in normal 
experimental quantities. Here, M=m. 

(4) The equilibrium constant Kj; is very small. Here, 
there is little association and the bulk of the molecules 
are to be found in 1-mers and 2-mers. Here, M=m 
= small number. 

The equations governing these cases can easily be 
derived from Eq. (3b). 





M M M Ky;'K,,j'°-?)* 
YS 22=mt+>d 22=m+>D . (4a) 
z=1 a=2 x=2 2 


This upon expansion gives 


M 2m+D,n?— Kin? (Kij/'m1) "4 














tions as a rate of termination.* The mathematics N2= vag (4b) 
of this case has been extensively investigated" and - 2(1— K1;'m1) 
will not be considered further here. The state here is gy 3) arly from Eq. (3b) 
that M>m. eo 
(2) The equilibrium constant Kj; is not so great. M M M XA Kaj 'm* , 
Here, while the size of the largest particle present, m, zu wns=Mit Dy wns= mt 2. P - (4c) 
is controlled by the amount of material, nevertheless it : 
is not enough to consider only the growth mechanism ‘This upon expansion gives” 
> 2n1+2D,.n2— Ki; Dinv— Kin? (Kij'm) "LM (1—Ki/m) +1] (4d) 
in,= ° 
r=l1 2(1—K,,/11)? 
These are the general equations and apply at all times. _ is if the 
In the case where M>™m, this expression can be simpli- lim (Kij'm)"%=0. (6) 


fied by taking the upper limit of the sum as infinity 
rather than M. If, from Eq. (3b), we derive the sums 
till infinity, we get: 





o 2m+Dn? 
> 2,=———- (5a) 
z=1 2(1—K,,;'m) 
and 
on 2m+2D,n2— Ki;'D,n! 
>, 2%_.= " (5b) 
z=1 2(1-— K,;/m)? 


These equations are essentially those given by Ginell.? 
The only way the Eqs. (4) can reduce to Eqs. (5) 


* Tt is not implied here that this is the sole cause of termination 
in polymer growth. Other causes, such as interaction with excess 
free radicals are always present. However in the present treatment 
of the kinetics of polymerization, the usual procedure is to con- 
sider the forward reactions only and totally ignore the backward 
reactions. In a certain sense this is justified as the forward reac- 
tion is far more important than the backward one since the com- 
pounds so formed are stable. However, when the reaction ap- 
proaches completion, the backward reaction may be an important 
factor in the termination of further growth. The fact that the 
system can still react with free radicals, impurities, and other 
extraneous material may have an important bearing on the ageing 
and consequent modification of the properties of high polymers. 

1H. Mark and A. V. Tobolsky, Physical Chemistry of High 
Polymers (Interscience Publishers, Inc., New York), second 
edition. 

2 R. Ginell and R. Simha, J. Am. Chem. Soc. 65, 706 (1943). 


Since M is always a positive integer, Eq. (6) can be 
true only if 


Ki/m <1. 


This means that 
1 


K;j 


>N}. (7) 





Hence, two cases are evident in which it is possible to 
use the simpler set of equations neglecting M: (1) if the 
substance is highly associated and M is very large, 
(2) if the substance is very little associated. Then Ki; 
is very small, and therefore Ki;/n; may be small. 
However, there remains a range in which the use of the 
general equations (4) is imperative. 


Conversion of the Equations to the Basis of 
Concentration 


When working with solutions, it is usually more 
convenient to consider concentrations rather than the 
absolute numbers of particles as in the previous equa- 
tions. If we let ¢ equal either the volume of the solution 
or the mass of the solvent (depending upon whether we 
choose to express the concentrations in molar or molal 
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units) then, 


Ny Ni 
Qy=—=— _ (8a) 
Nob ¢ 
and ™ 
Nj; LVj 
Nob ¢ 


Substituting Eqs. (8a) and (8b) in Eqs. (3a) and (3b), 
we get 
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Now we can define new constants. 

Ke’ = Noo Ki’ (8e) 
and 

Kaj = NooK;,;'. (8f) 
We now have: 


/_ M(j— ; 
Ker’ Key 9? Cy? 























‘ > 
No@Kii'C2 C; , ? (j22) (8g) 
irene (8c) 
d : which is of exactly the same form as Eq. (3b). Hence, 
- (NK 11’) (NobK1;')*2C 13 we can rewrite all the formulas previously given in 
C;= , (j22). (8d) terms of the number of particles in terms of concen- 
2 tration: 
M 2C0;4+-DCr- Ker'Cr (Ke1;'C1) _ 
C.= (9a) 
x21 2(1—Ker;’C1) 
M 201+ 2DC 2— Kerj'DCY— Keu'C2?(Kerj'C1) “4M (1—Kaj'C1) +1] 
> 2C,= (9b) 
oan 2(1—Kesj’Ci) 
and what the monomer particle is, and the latter from 
00 20:.4+-D.C? the experimentally determined molecular degree of 
 C:= 1K.) (10a) association. 
z=1 —_ eli 
esi Method I 
= C _* iF2DCr— Kaj D LY (10b) These two equations contain two parameters K,;’ 
— 2(1—Kea;/Ci) and K;,,’, and one variable, ”;, which must be de- 


Application of the Equations to Experimental Data 


At the present no exact method is available by means 
of which an analytic solution of Eqs. (4) or (9) can be 
obtained. However, in certain cases approximate 
methods are useful. 

M is very large (M>m). In this case where the theo- 
retically largest particle, M, is greater than any par- 
ticle, m, present in the finite amount of solution used, 
we can use the following analysis. Experimentally, this 
case is characterized simply by plotting the difference 
between the formolality and the avmolality, B,; 
versus the avmolality (i.e., B. vs }>C.; see Fig. 1). 
(These quantities are experimentally determined and 
will be further discussed.) If the value of B, approaches 
zero simultaneously with >°C,, then the system falls 
into this class. The rationale for this test is clear. 
Since B, which is a measure of the concentration of 
associated particles (actually B,=}>(x—1)C.) ap- 
proaches zero at the same time that the number of par- 
ticles approaches zero, then the meaning is that this 
system is highly associated. 

In this case, since M is so large we can use Eggs. (5) 
where the summation is to infinit,. Equations (5a) 
and (5b) are independent equations. Since both quanti- 
ties °~C, and °C, may be determined experimentally ; 
the first from its definition and an assumption as to 


termined. Hence, a third relationship which contains 

another experimentally measurable quantity must be 

derived in order to be able to arrive at a solution. 
Differentiating Eq. (5a) with respect to 1 we get: 





. X 3420 Ki;//'D,n? u — 
= = (11a) 
dn, 2(1—K,i,'m)? ny 


Using the definition of B, and D, and Eqs. (5a) and 
(Sb) we get: 





0 oo Kin? 
B,=>, xn.— > nz= (11b) 
1 


1 2(1—Ki,’m)? 





<C 


M>m 











Be 


Fic. 1. 
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Differentiating Eq. (11b) with respect to m we get: 
dB, 2K41'n1 2B, 











= = ; (11c) 
dn, 2(1—Ki,’m)' (1—Ki,'m)m1 
We have now from Eggs. (11a) and (11c) 
d>i nz d>nz/dm (1—K,i;’m) > xnz 
a = a. 
dB, dB,,/dny 2Bn 
From which 
1 2B abo 

K,;/=—-—-————_. (11e) 


Ny = 
Nn >, XNz 
1 


Substituting Eq. (11e) in Eq. (5a) and solving for 
D,n using the definition of Py we get: 


4B,Zn—2mPN 
Py 





(11f) 


D,n?= 


Substituting Eqs. (11e) and (11f) into Eq. (5b) and 
solving for ; we get: 


« meter 
m= >, Nz— " 
zl Py 





(11g) 


Substituting Eq. (11e) into Eq. (11b) and solving for 
K,;' we have: 
28.2. 7 


Ku1'=2B, (11h) 


oo 
m1 >, XNz 
1 


Equations (11g), (11h), and (11e) are the desired solu- 
tions; Eq. (11g) giving m; in terms of the experimental 
quantities; B,, the difference between the formolity 
and the avmolity; Py, the number average degree of 
association which is the ratio of the formolity to the 
avmolity; >-7z, which is the avmolity; and Z,, the 
slope of the curve of the avmolity plotted versus By. 

Equations (11h) and (ile) give Ky,’ and Ky’ in 
terms of m; and the known experimental quantities. 
These equations can, of course, be directly rewritten 
in terms of B,, Z., Cj, Ke’ and K.1;’ for application to 
solutions. The modes of growth and degradation do not 
appear in the equation but are contained in the values 
of Ky,’ and K;,,’ and hence the distribution spectra are 
independent of these modes and may be calculated 
directly from Eq. (3b). 


Method II 


This method is usually simpler than Method I since 
it does not involve obtaining graphical or numerical 
tangents. Equations (4a) and (4c) can be rewritten in 
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expanded form using the substitution of C’s for n’s 
as in Eqs. (9) as 


Dd C2=CitCotC3t+Cut::: (4a) 
zl 
y HC p= Ci +2Co+3C3+4C,4+ sd ple (4c) 
z=1 


from whence we get 


«© foo) 


Y 20-2 C2=—Ci+-Cs+2C,4+---. (12a) 
1 1 
From the definition of Pv, we have at Py=2 
>, Ms=2 DCs. (12b) 
z=1 z=l1 


Hence, substituting Eq. (12b) in Eq. (12a), we have 
Cy=C3+2C44+-3C5+-:-. (12c) 
Substituting Eq. (8g) into Eq. (12c) we get 


Kay’ Kea’ 
1=Ka/( ; C?Y+2 





- F 
Kaj CP 


3Keu’ 
> Katt : ). (12d) 





The term in the parentheses is equal to B., hence 


1 
Kaj =— at Py=2. 


c 


(12e) 


One can now obtain K,1;’ graphically from a plot of 
B, versus Py, or B, versus (Cz (at Py=2, B-=>dC,) 
or any other related pair of variables. 

Knowing K,;/ we can now solve for K,y;' and C\. 
Inserting the definition of D, into Eqs. (10a) and (10b) 
and eliminating K,1;’ between them we get, after re- 
arrangement and utilizing the definitions of Py and B., 





2—Py 1 
c=(—*) (12g) 
1—Py 1 
aj —— 
or alternatively 
>C.— B, 
C,=———_—_-. (12h) 
1—K.;'B. 


Equation (12h) is simpler for computation. Solving 
Eqs. (10a) and (11b) we get: 


2/XC: \ 
Kas'=—( -1) (12i) 
B. Ci 
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TABLE II. Phenanthrene in ethanol. 
75°C 
Pressure AP zg g avmolality formolality 
cm Hg cm solvent solute Cz 2xCz Be Py C1 Kei’* 
66.91 1.10 15.78 1.105 0.362811 0.392915 0.03010 1.08298 0.34031 0.29049 
2.15 2.483 0.720632 0.882904 0.16227 1.22518 0.63479 0.22536 
3.00 4.399 1.018906 1.564194 0.54529 1.53517 0.79548 0.28935 
3.92 7.65 1.350817 2.720182 1.36937 2.01372 1.15293 0.46419 
66.97 0.90 19.72 1.033 0.295679 0.293925 — 0.001753 0.99407» 0.29704 —0.02415¢ 
1.19 1.462 0.392676 0.415991 0.02331 1.05937 0.37586 0.17163 
1.87 2.667 0.623509 0.758856 0.13535 1.21707 0.54266 0.32800 
2.75 4.537 0.929489 1.290938 0.36145 1.38887 0.77622 0.21573 
3.28 6.54 1.117852 1.860863 0.74301 1.66468 0.83544 0.30759 
3.59 8.192 1.229487 2.330916 1.10143 1.89584 0.70083 1.03324° 
4.03 10.40 1.389825 2.959170 1.56935 2.12917 1.09147 0.95229¢ 








a Average Keir’ =0.2865 +0.0617. 


b The experimental data scatters and this appears to be a value having a large error. It was disregarded in the computations although shown on the 


graphs. , : ’ 
¢ These points were disregarded in calculating average. 


Equations (12h) and (12i) are indeterminate at Py=2. 
However, by utilizing values other than this, K1;’ can 
be evaluated. Having the values of these two constants 
the whole curve may be computed using Eqs. (10a) 
and (10b). 


Application to a Specific Case 


In general it is difficult to find data in the literature 
to which to apply this theory. Usually, either the data 
contain too few points, or if enough points are given, 
the precision of the data is so low that one is at a loss 
as to how to correlate them since in essence the data 
must be used to evaluate the constants in the equation. 
In other cases where both the amount and precision of 
the data seem satisfactory, the equations seem never- 
theless not to hold. We ascribe this departure from this 
theory to the fact that many substances, while they 
associate, do not associate in a linear manner. These 
substances would associate to form three-dimensional 
aggregates which are the subject of another paper.!° We 
have found one case in the literature for which all the 
requirements have been met. This is solutions of 
phenanthrene in alcohol. 


Phenanthrene in Ethanol 


The raw data is that of Innes."* These are vapor 
pressure data obtained at 75°C. Assuming Raoult’s 
law to hold exactly, i.e., that the mole fraction as de- 
termined by this law gives us the true avmolality, we 
have calculated Table II wherein are given also the 
original data of Innes. 

The second method was used and K,,;/ was obtained 
by plotting log}°C, vs logB,. This is a very sensitive 
curve, the errors being magnified. The points are so 
scattered that the simplest curve that fits the points 
is a straight line. The straight line was derived by least 
squares. It was determined that at B,=)0C, (i.e., 
Py=2); B.=1.347683, and Kg1;’=0.742014. Using 
this value and the experimental points C; and Keu’ 





* W. R. Innes, J. Chem. Soc. 113, 410 (1918). 


were calculated from Eqs. (12h) and (12i). The values 
are shown in Table II. 

Using these values of K,1;/ and K.;' and arbitrary 
values of Ci, )-xC, and >-C, were calculated from 
Eqs. (10a) and (10b). These values are plotted as the 
theoretical curve on Fig. 2. On Fig. 3 the formolality 
(>>xC,) is plotted versus Py. Table III gives the dis- 
tribution spectrum for various values of the formolality 
as calculated from Eq. (8g). As can be seen from Figs. 
2 and 3, the experimental points agree well with the 
curve. We also see from Table III that at low concen- 
trations very little of the higher j-mers are present, 
while at higher concentrations they appear in consider- 
able concentrations. 

The calculation of the “true” equilibrium constants 
from the values of Ke’ and K.1;/ by means of Eqs. 
(8e), (8f), (3a), and (3b) presents a definite problem 
since little is known of the modes of aggregation of 
phenanthrene in alcohol. From the quality of the agree- 
ment of the theoretical curve with the experimental 
data, we can conclude that in this case the association 
is linear and hence that two equilibrium constants 
suffice to represent the aggregation of this substance. 
However, these equilibrium constants are composite 
factors which contain such effects as the solute-solvent 
interactions and the entropy effects in them. The same 
solute in different solvents will give different equilibrium 
constants, and these will all differ from the values ob- 
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TABLE III. Distribution spectrum in weight percent. 
Phenanthrene in ethanol 75°C. 








Formol- 
ality 0.103219 0.337922 0.647475 1.150037 


Cr  96.8813% 88.7778% 77.2230% 60.8676% 39.1135% 
2.7760 7.631 


2.30100 





C2 5 11.0637 12.2087 10.0868 
C3 0.3090 2.5482 6.1573 9.5120 10.1042 
C4 0.0306 0.7528 3.0458 6.5875 8.9969 
Cs 0.0028 0.2105 1.4125 4.2770 7.5103 
Cs 0.0003 0.0562 0.6289 2.6658 6.0186 
Cr 0.0000 0.0146 0.2722 1.6154 4.6892 
Cs 0.0000 0.0037 0.1154 0.9589 3.5788 
Co 0.0000 0.0009 0.0482 0.5603 2.6887 
= Cz 0.0000 0.0038 0.0330 0.7468 7.2130 
z~10 








b 


tainable in the gas phase. Hence getting the “true’ 
equilibrium constants involves first : deriving the modes 
of aggregation, perhaps from x-ray analyses; and sec- 
ond: dissecting out the effect of the solvent by a simul- 
taneous consideration of the values of the equilibrium 
constants in different solvents and in the gas phase. 
Work is proceeding along these lines. 


APPENDIX 
Reasons for Not Considering Higher Equilibria 


In considering these various equilibria, the question 
arises: is one justified in deriving the differential equa- 
tions under the implicit assumption that the addition 
of i-mers is the only process occurring and totally 
neglecting the equilibria between higher species? The 
proof for the case where all the bonds between asso- 
ciated particles are considered to be identical (i.e., 
linear association), has been given by Blatz," who 
showed that the treatment of the one-constant theory 
by Ginell,* who neglects all the higher equilibria and 
that of Blatz and Tobolsky’ who consider all of them 
to be present, leads to identical equations at equi- 
librium.’ They differ, however, at times before equi- 
librium. This was formulated by Blatz as a general 


4 P. J. Blatz, private .ommunication. 


GINELL AND J. 


SHURGAN 


principle which can be stated thus: the equilibrium 
equations are unique, if equilibrium between all possible 
species is allowed, no matter what the formal mecha- 
nism by which the equations have been derived.'® 

It is not self-evident from this statement, however, 
whether this principle also applies to cases where all 
the equilibrium constants are not identical (e.g. 2-con- 
stant theory, m-constant theory). The difference in the 
constants implies that the bonds between the various 
species are different. That this principle is applicable 
can be shown by the following proof. The equilibria 
involved can be written thus: 


N+ Ny—nN2 

M+ 1e=N3 

M+N32N4, NotNoenN, 

My+NgeNs = NotN3—2nN5 (13a) 

Nyt+ns—Ng = Notngeng N3+N3—2N¢ 

M+ N62 = NotNse2Nz = NgtNge—N7 

M+N72Ng Notne6—Ng NztNse2nNg N4gt+nae2ns etC. 
etc. Cic. etc. etc. 


Writing the equilibrium constants for the individual 
processes, we have: 


























Ne 
mage 
N° 
Nz 
Ki2= 
NN» 
N4 N4 
Ky3= ) Koo= 
NyN3 Nong 
N5 N5 
Ky= » Ko3= (13b) 
NyN4 NoNz 
N¢6 N¢6 N¢6 
Ky=—, Ku=—, K33=—— 
NyN5 NoN4 N3N3 
Nz N7 nN7 
- ta 
Kis=——, Ko=—, Ku=— 
NjN6 Nons N3N4 
Ng Ng ng Ng 
Kiy= » Ko= ) K3=—, Ku=— 
NyN7 Noe N3N5 N4N4 
Cu. 
From the first column in Eq. (13b), we have 
m= (Ki1K 12K 13: + + Ki, 5-1), (13c) 


which is the recurrence equation given by Ginell in 
the n-constant theory. This neglects higher order 
interactions. Since these are simultaneous equilibria and 


16 P. J. Blatz, Ph.D. dissertation, Princeton University (1949). 
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n; =n; hence solving column 1 and 2 of Eq. (13b) simul- 
taneously, we get 


KuKiuK2e a KyiK 2K 13 
K2K3i3 


oa 


? 
11 


KisKi4 
a3 ’ 
11 


Ky, jKy, j41 
aaa 


Ku 


Ki3K 4K 15 
ioe ——————-, 
KiurKi2 


KiusKisKi¢ 
SS a 
Kuk 12 
KisKisKigK 17 


Kukulu 





(13d) 
Similarly, 


and 





— 


The general expression for any Ky» being 


m+n—1 
II Kiz 
pn (13e) 


n—1 
II Kiz 
zl 
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This shows that all the higher equilibrium constants are 
functions of the K,,;’s and hence need not enter into the 
equations unless it is convenient that they do so. 

The basic equation of the association theory is 


m 
DL M2=M+N2+N3t * + Mm. 
z=1 


In this equation there can be substituted any of the 
various expressions for the m,’s derived from Eq. (13d) 
that we wish. The simplest set is the one represented by 
the recurrence formula 
j-1 
nj=my' TT Kiz (13e) 
z=!l 
which yields 
N2= M+ KynP+ Ky Kini+ ++ ++ KiKi: - + Ki, mimi. 


This equation is equivalent to that given by Woolley,*® 
if one states that 


n—1 
K,™= II Ki:, 


z=l1 


where K,,“” is Woolley’s constant. The equations given 
here, give however a deeper insight into the meaning of 
the constants and show that they are not totally inde- 
pendent of one another. The value of the differential 
equations in these derivations is mainly in that it 
clarifies the meaning of the constants and gives the 
values of the numerical coefficients when various as- 
sumptions as to the character of the bonds are made. 
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New Method for the Kinetic Study of 
Fast Electrode Reactions 


TALIVALDIS BERZINS AND PAUL DELAHAY 


Department of Chemistry, Louisiana State University, 
Baton Rouge, Louisiana 


(Received February 1, 1955) 


HE kinetics of electrode processes involving a single rate 
determining step and soluble species can be characterized 
at the standard potential E° by a rate constant k° defined by 


i=i,9=nFCP, (1) 


where 7,° and 7,° are the cathodic and anodic current densities, is 
the number of electrons involved in the reaction, F the Faraday, 
and C the common value of the concentrations of the reactants. 
The upper limit of k° at room temperature is 10‘ to 105 cm sec! 
(absolute rate theory) or 10% to 10* cm sec™ (collision theory’). 
Values of k° up to approximately 10~? cm sec™! can be determined 
by conventional polarization experiments, and electrolysis with 
superimposed sinusoidal voltage? can be applied up to k°=1 cm 
sec!, Values of k° as large as 1000 cm sec™ can be determined by the 
method discussed below. 

The potential of the electrode whose kinetics is studied is ad- 
justed at its equilibrium value, and a current impulse represented 
by a step function is applied to the electrolytic cell. The solution is 
not stirred and a large excess of supporting electrolyte is present 
in solution, i.e., diffusion (linear) is virtually the sole mode of mass 
transfer. The voltage across the cell is recorded during electrolysis, 
and the rate constant k° is determined from voltage-time curves. 

The current is 


i=nFR {Cy expl—anF (E—E,)/RT]} 
—Cr exp[(1—a)nF(E—E,.)/RT]}, (2) 


where a is the transfer coefficient for the cathodic process, the 
C’s the concentrations (at the electrode surface) of the species 
O and R involved in the electrode reaction, E the potential, and 
E, the equilibrium potential. By introducing in (2) the values of 
Co and Cz obtained by solving the diffusion problem*® (Sand) one 
has 
Co°[1— (t/r-)*] expl—anF (E—E,)/RT] 
aadtiaadeds e ~CrC1+(t/ra)"exp[ (1—a)nF(E—-E)/RTI? ©) 


where the 7’s are the transition times, i.e., the times at which Co 
and Ce are equal to zero. The times 7, and 72 can be measured 
easily because they correspond to a rapid variation of potential. 
It follows from (3) that a plot of 


COL = (E/r0)#]—Ca°L1 + (t/70)* JexplnF (E— E.)/RT] 


ta 





against E—E, should yield a straight line whose slope is anF/RT 
and whose intercept at E= E, is —InnFk°; k® and a can thus be 
determined. 

The exponentials in (3) can be expanded if #< 0.17. (or 0.17<). 
Furthermore, E, is essentially the standard potential if Co°=Cr° 
=(°, and 


E=E)—iRT/nF(1/nFOR+2/xinFO (1/Do'+1/Dri)t*], (4) 
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where the D’s are the diffusion coefficients. A plot of E against #4 is 
linear, and &° can be determined from the intercept at ‘=0. By 
introducing numerical data in (4) one concludes that values of k° 
up to 1000 cm sec™ can be determined. The charging of the double 
layer does not interfere because this process occurs in a time much 
shorter than that involved in electrolysis. Values of E—E in the 
upper range of k° are about 10~ volt, but measurements are still 
possible (‘““Tektronix” oscilloscope, model 531 with amplifier 
53E, sensitivity 50 microvolts per cm). The ohmic drop in the cell 
in such measurements is compensated by means of a bridge circuit. 
Circuits for generation of step function with a very steep front 
(10-6 sec) have been described. 

This method should prove valuable in the study of electrolysis 
in fused salts, the study of so-called reversible electrodes, etc. 
Applications are now being made. 

1H. Rubin and F. C. Collins, J. Phys. Chem. 58, 958 (1954). 

2?For a review see P. Delahay, New Instrumental Methods in Electro- 
chemistry—Theory, Instrumentation, and Applications to Analytical and 
tad Chemistry (Interscience Publishers, Inc., New York, 1954), pp. 

3 Reference 2, p. 180. 


4w. C. Elmore and M. Sands, Electronics, Experimental Techniques 
(McGraw-Hill Book Company, Inc., New York, 1949), pp. 95-105. 





Raman Spectrum of Sulfur Dichloride* 


H. STAMMREICH, ROBERTO FORNERIS, AND K6z6 SONET 


Department of Physics, Faculty of Philosophy, Science, and Letters, 
University of Sio Paulo, Sado Paulo, Brazil 


(Received February 21, 1955) 


HE structure of the SClz molecule was investigated by the 

electron diffraction method by Palmer! and by Stevenson 
and Beach.? The internuclear distance S—Cl was found to be 
1.99+0.03 A and 2.00+0.02 A, respectively; the same authors 
obtained for the Cl—S—Cl angle the values of 101+4° and 103 
+2°, respectively. It seems that no spectral data on sulfur di- 
chloride are reported.* 

We obtained the Raman spectrum of liquid SClz in the red 
region of the spectrum by excitation with helium radiation. 

Sulfur dichloride was prepared by chlorination of sulfur mono- 
chloride and purified by fractional distillation, as described in the 
literature. The processes of chlorination of S2Cl2 and of purification 
of SClz are easily controlled by the Raman spectrum; the shifts 
corresponding to S2Clz gradually disappear and the spectrum of 
the finally used substance showed, at normal exposures, no trace 
of the strongest Raman line of S2Clz at 447 cm™. 

Sulfur dichloride is a garnet red liquid with a transmittancy of 
about 87 percent at 6678.2 A of 1 cm layer; above 7000 A it be- 
comes completely transparent, excitation of the Raman spectrum 
being therefore possible by the helium radiations 6678.2, 7065.2, 
and 7281.4 A. 

The spectra were taken with a grating spectrograph provided 
with a Bausch & Lomb C. P. plane transmission grating of 600 
grooves mm and a ruled area of 65X76 mm. The first-order blazed 
region comprised the zone between 6000 and 8000 A that interests 
us here. The other optical components are the same described 
briefly in a previous paper‘; the reciprocal dispersion of the 
spectrograph was 58 A/mm. 

The Raman spectra excited by He 6678.2 A were recorded on 
Kodak 103 a F plates and those excited by He 7065.2 and 7281.4 A 
on Kodak I N plates. The exposure times in the first case ranged 
from 5 min to 1 hr and in the second case from 2 to 14 hr. Polari- 











TABLE I. 
Vibration Class Observed value (cm™!) 
@1 Ai 208 +1(5,p) 
w2 Ai 514+1(10,p) 
w3 Bi 535 +2(1, —) 
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zation observations were only qualitative in Raman shifts excited 
by He 6678.2 A and recorded on 103 a F plates in a 12-hr exposure. 

As is to be expected for a triatonic symmetrical top molecule 
with symmetry of the C2» point group, we observed three Raman 
shifts corresponding to the three fundamental modes of vibration. 
The results are given in Table I. 

It was not possible to determine the state of polarization of w; 
since the intensity of this Raman shift is very weak, but there 
cannot be any doubt that we have here the antisymmetric mode of 
vibration and therefore a depolarized line. 

By using the known formulas’ for the simple valence force model 
we calculate the CI—S—Cl angle 20, the bond stretching force 
constant Ks_ci, and the bond deformation constant K2, without 
the introduction of interaction constants, and obtained: 


2@= 100° 20’ 
Ks_ci=2.58X 105 dyne cm™ 
K6=0.294X 105 dyne cm™. 


The calculated value for the CI—S—Cl angle of 100° 20’ is in 
good agreement with the results of the aforementioned investiga- 
tions by electron diffraction method. 

Calculating the value of Ks_c: by Siebert’s product rule® that 
gives generally good results for interatomic distances correspond- 
ing to the sum of the covalent radii, we obtained 2.68105 dyne 
cm which corresponds satisfactorily to our value. Using our 
value of 2.58105 dyne cm™ in Badger’s formula,’ the S—Cl 
distance results in 2.02 A which agrees with the observations of 
Palmer and of Stevenson and Beach. 


* This work has been supported partly by the ‘‘Conselho Nacional de 
Pesquisas,’ Rio de Janeiro; the authors are much indebted for the facilities 
created with the aid of the C. N. Pa. 

+ Fellow of the University of Sao Paulo; permanent address: Aichi 
College of Liberal Arts, Nagoya, Japan 

1K. J. Palmer, J. Am. Chem. Soc. 60, 2360 (1938). 

2D. P. Stevenson and J. Y. Beach, J. Am. Chem. Soc. 60, 2872 (1938). 

3 Observations on the absorption spectrum of SCls in the visible and 
ultraviolet are reported by T. M. Lowry and G. Jessop, J. Chem. Soc. 
1421 (1929) and by H. P. Koch, J. Chem. Soc. 394 (1949). 

4H. Stammreich and R. Forneris, J. Chem. Phys. 21, 944 (1953). 

5 vy. F. Lechner, Sitzber. Akad. Wiss. Wien, Abt. Ila 141, 291 (1932). 

6 H. Seibert, Z. anorg. allgem. Chem. 273, 170 (1953). 

7R. M. Badger, J. Chem. Phys. 3, 710 (1935). 





Interdiffusion in the Gaseous Systems: 
BF;—CCl, and BCl;—CCl, 


C. J. G. Raw 


Department of Chemistry and Chemical Technology, University of Natal, 
Pietermaritzburg, South Africa 


(Received February 16, 1955) 


HE diffusion coefficients of carbon tetrachloride vapor 
in gaseous boron trifluoride and boron trichloride have been 
determined at a temperature of 30°C. It was originally proposed to 
investigate the interdiffusion of the boron halide vapors them- 
selves, following the recent work! in these laboratories on their 
transport properties. In view of the fact that these gases react? 
to form the mixed halide molecules this proposal was unsatis- 
factory, and it was decided to investigate the interdiffusion of each 
of the gaseous boron halides with some convenient vapor with 
which they did not react. Carbon tetrachloride vapor was chosen 
for this purpose. 

The method used in this investigation was essentially that of 
Stefan.’ The diffusion coefficient is determined from the rate of fall 
of the meniscus of a column of liquid carbon tetrachloride in a 
small glass tube across the top of which flows a current of the 
boron halide vapor. The equation used to calculate the diffusion 
coefficient and references to other experimental determinations 
(in which essentially the same apparatus was used) are given by 
Partington.3 

Commercial boron trifluoride (supplied by the Harshaw 
Chemical Company) was used. Boron trichloride was prepared by 
passing boron trifluoride over aluminum chloride at 200°C. The 
resulting boron trichloride was trapped out with a dry-ice ethanol 
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freezing mixture and purified to a constant vapor pressure of 
481 mm of mercury at 0°C by repeated vacuum distillation 
through a column packed with glass rings (and kept at 0°C), with 
generous rejection of head and tail fractions. The carbon tetra- 
chloride was prepared for use by distillation of the A. R. Labora- 
tory reagent. 

The interdiffusion experiments were all carried out at a tempera- 
ture of 30+0.05°C and a total pressure of one atmosphere. Each 
determination was repeated a number of times for different rates 
of flow of the boron halide vapor. 

The following results for the diffusion coefficients (D) were 
obtained : 


D=0.045 cm? sec, for the gas pair BF; —CCl,; 
D=0.034 cm? sec, for the gas pair BC]; —-CCk. 


The Lennard-Jones (12,6) intermolecular force constants of 
boron trifluoride, boron trichloride,> and carbon tetrachloride® 


* have all been determined from experimental gas viscosity data. 


Use is made of the empirical combining laws,” 


j= (eise;;)?, 

Fj =3 (+035), 
to relate the potential parameters between two unlike molecules, 
zi and j, to those between like molecules. (e=the maximum energy 
of attraction between two gas molecules and o= the collision diam- 
eter for low-energy head-on collisions.) The intermolecular force 
constants between the pairs of different molecules having been 
determined, the method of Hirschfelder and.his co-workers® can be 
used to calculate theoretical values of the diffusion coefficients. 

In Table I, the theoretical and experimental values (Dtheoret 

Dexy) of the diffusion coefficients are compared. 


TABLE I. Theoretical and experimental values 
of the diffusion coefficients at 30°C. 











Gas pair eij/k(°K)® oij(A) Deheoret(cm? sec!) Dexp(cm? sec™!)> 
BF;—CCk 235.8 5.07 0.0433 0.045 
BCl; —CCl4 336.3 5.49 0.0263 0.034 








« k = Boltzmann's constant. 
b Total pressure =1 atmosphere. 


The agreement between the experimental and theoretical results 
can be regarded as satisfactory. It seems that the Lennard-Jones 
(12,6) model provides a fair approximation to the intermolecular 
potentials of these molecules in the vapor state, at least as far as 
the transport properties are concerned. 

The author gratefully acknowledges a grant from the South 
African Council for Scientific and Industrial Research to cover 
the expenses entailed in this work. 

1 See, for example, Cooke and Mackenzie, J. S. African Chem. Inst. 4, 12 
(1951); Mackenzie and Raw, J. S. African Chem. Inst. 6, 8 (1953). 

2R. E. Nightingale and B. Crawford, Jr., J. Chem. Phys. 22, 1468 (1954). 

3 Partington, An Advanced Treatise on Physical Chemistry (Longmans, 
Green and Company, London, 1949), Vol. I. 

4C. J. G. Raw, J. S. African Chem. Inst. 7, 20 (1954). 

5C. J. G. Raw, J. S. African Chem. Inst. (to be published). 


6 Hirschfelder, Curtiss, and Bird, Molecular Theory of Gases and Liquids 
(John Wiley and Sons, Inc., New York, 1954). 





Bond Energies in Organic Fluorine Compounds 
NORBERT W. LuFT 


Cheadle Hulme, Cheshire, England 
(Received March 4, 1955) 


LTHOUGH the exceptional stability of aliphatic fluorine 
compounds is a well-established experimental fact,'? the 
available quantitative information on their bond energies is very 
scant. It is possible, however, with the aid of recently published 
data, especially enthalpies of formation, AHf, to estimate CF 
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dissociation energies in a number of important organic fluorine 
compounds. Hereby AHf(F)=19 kcal/mole is used in agreement 
with the recently proposed dissociation energy, D(F2)=37+2,3 
and 39-1 kcal/mole.*5 

The bond dissociation energy D(F3;C — F)~150—195 kcal/mole, 
from Hg photosensitation experiments,’ which corresponds to 
— AHf(CF;) =A~87 —42 kcal/mole, can only be regarded as an 
upper limit. The failure* to observe the reaction CF,+H-—CF; 
+HF entails that A>88 kcal/mole. On the other hand, activation 
energies determined’ from Na diffusion flames, for the reactions 
CF;X+Na—-CF;+NaX, with X= (I), Br, Cl, F, and the occur- 
rence of H2+CF;—CF;H-+H, together with presently known or 
estimated AHf values, result in A=94 to 112 kcal/mole i.e., 
D(F;C —F) =125—143 kcal/mole. Whence 


D(F;C—Cl) = D(F;C—F) —38, (1) 


=87-105 kcal/mole from thermochemical data. Moreover, 
available enthalpies of formation®.® (see Table I) furnish the rela- 
tion 

D(F;C —F) = 237-—A=85+4D(F;C—CF5), (2) 


<147 kcal/mole from the electron impact result D(F;C—CF3) 
<124 kcal/mole of Dibeler et al.” 

The preceding remarks as well as interpolation of CC bond 
energies from force constants (and bond lengths) in the series 
H;C—CHs, H;C—CN, NC-CN, F3;C — CFs, H.C =CHz seem to 
indicate that D(F;C—CFs3) is smaller though not much smaller 
than 124 kcal/mole. By identifying the activation energy, E=74.1 
kcal/mole of cyclo-C,Fs depolymerization," with the CC bond 
energy and allowing 30 kcal/mole for ring-straining and excess 
repulsion, one obtains Dec~104 kcal/mole, for perfluoro alkanes, 
and D(F;C—F)~137 kcal/mole. Furthermore the reaction 
F;C—CF;—-F.C =CF2+2F, by which two CF bonds are broken, 
requires AH=180 kcal/mole, the excitation energy E* or the 
triplet state of F,C=CF? is not known, but probably higher than 
for H2C =CHzb, so that the average CF bond energy, as from F3C 
—CF;-F.C=CF.+2F, is (AH+E*)/2~125 kcal/mole, in agree- 
ment with the above lower limit in CF,. 

For the CF bond energy in CH;F, D(H:C-CO—F)~93 
+AHf(F)~112 and D(H;C—X)—(DH;C:CO—X)~4-—6 kcal/ 
mole” suggests D(H;C—F)~115—120 kcal/mole. This is con- 
firmed, viz. D(H;C —F)~120+10 kcal/mole, by plotting D(H3C 
—X) against the ionization energy of X or dissociation energy of 
HX, methods which provide reasonable correlations for other series 
of compounds. 

Szwarc and Sehon" give the dissociation energy of the CBr 
bond in CF;Br as ~64 kcal/mole, i.e., only slightly less than in 
CH;Br. Since, according to preceding considerations, D(CF;—F) 
>D(CH;—F) one may reasonably conclude that D(F;C—Cl) 
>D(H;C —Cl)~83+3 kcal/mole," " i.e., D(F;C —Cl)~95—100 
kcal/mole. 


TABLE I. 








Dissociation energy, kcal/mole 





AH f 298.16 

Molecule kcal/mole Der Dex Dec 
CC13:F —70(+)4* 100 +5 70+5 
CCloF 2 —112+1° 107+5 78235 
CCIFs; —171+418 128+4 100+4 
CF, —218.34.b 138+4 
CF:3Br (—132) (95) ~64¢ 
CH3F (—60) 115+5 (104) 
CH2F2 (—110) (120) (105) 
CHFs (—168) (130) (125) 
CH;COF —1044 112 (84) 
COF? —149¢ (115) 
F;C -CFs —303 +28 (130) 107 +8 
CIF2C -CF:Cl —213+43* (120) (80) 95 +10 








a Reference 8. 

b Reference 9. 

© Reference 13. 

4 Reference 12. 

e Reference 8, see H. von Wartenberg, Z. anorg. u. allgem. Chem. 258, 
356 (1949). 
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Thermochemical data yield 
D(Cl;C —F) = AHf (CCl) +89+4, (3) 


=104+6 kcal/mole, viz. by AHf(CCl;) =15+2 from dissociation 
energies." of trichloro compounds. Then extrapolation of 
D(CH3;—X) —D(CCl;—X) leads to D(CH;—F)~114 kcal/mole 
which is close to the figure derived previously. 

After the range of CF and CCl bond energies in chloro-fluoro 
methanes has been fixed provisionally by the preceding results for 
CF,, CF3;Cl and CCl,, the figures can be improved and values for 
CF.Cl: may be derived (see Table I) by using Eqs. (1) and (2) 
and four similar relations for the other species together with the 
postulate that bond energies, upon substitution, ought to vary ina 
regular manner. The figures given for the fluoro methanes are 
supported by estimates of the CC bond strength in H2FC-CH.2OH 
and HF,C—CH:0OH, whose enthalpies of formation are known.! 
Figures in parenthesis are tentatively proposed estimates. 


1L. White and O. K. Rice, J. Am. Chem. Soc. 69, 267 (1947). 
. C. Rogers and G. H. Cady, J. Am. Chem. Soc. 73, 3523 (1951). 

3 E. Wicke and H. Friz, Z. Elektrochem. 57, 9 (1953). 

4H. Wise, J. Chem. Phys. 20, 927 (1952). 

5 P. W. Gilles and J. L. Margrave, J. Chem. Phys. 21, 381 (1953). 

6 J. R. Dacey and J. W. Hodgins, Can. J. Research 28B, 173 (1950). 

7J. W. Hodgins and R. L. Haines, Can. J. Chem. 30, 473 (1952). 

8 F. W. Kirkbride and F. G. Davidson, Nature 174, 79 (1954). 

9 Scott, Good, and Waddington, J. Am. Chem. Soc. 77, 245 (1955). 

10 Dibeler, Reese, and Mohler, J. Chem. Phys. 20, 761 (1952). 

11 B, Atkinson and A. B. Treuwith, J. Chem. Phys. 20, 754 (1952). 

12 P, W. Allen and L. E. Sutton, Trans. Faraday Soc. 47, 236 (1951). 

13M. Szwarc and A. H. Sehon, J. Chem. Phys. 18, 1685 (1950). 

4 E,. Wicke, in Landolt-Bérnstein, Zahlenwerte und Funktionen, II 
(Julius Springer, Berlin, 1951), pt. 3. 

15 Tables of Selected Values of Chemical Thermodynamic Properties 
aay Bureau of Standards, Washington 25, D. C., 1952), Circular No. 





Exact Method for the Calculation of Coexistent 
Densities from Van der Waals’ Type Equations 


SIDNEY W. BENSON AND CHARLES S. COPELAND 


Chemistry Department, University of Southern California, 
Los Angeles 7, California 


(Received March 14, 1955) 


AN der Waals’ and Berthellot’s equations can be subsumed 
under a general class which can be written as: 


P=RT/(V—b)—aT-*V? 
or, in reduced form as: 
1 =860/(3—1) —30-"¢"?. 


These equations, although of limited quantitative use, are very 
useful qualitatively and semiquantitatively for the description of 
gases and liquids and condensation phenomenon. Calculations 
concerning the latter are, however, difficult because of the form 
of the equations which seem to require rather cumbersome, 
numerical approximations for their solution. In the course of some 
investigations of the shape of coexistence curves in the neighbor- 
hood of the critical it was discovered that by suitable transforma- 
tions, exact values of the coexistent densities could be quickly 
obtained. 

The condition of equality of free energies (gas and liquid), leads 
to the equation (in reduced form): 


Ae dir 80 
0= pede eee ct 
Ai A 3 - As 3- a > hf 


Ao(3—A1) _ 6(42—Ai) 
Ai(3—Az2) @” 

where A=1/¢=the reduced density and subscripts 2 and 1 refer 
to liquid and gas respectively. The original equation of state can 
now be used together with the last equation and the variables @ 
and 7 eliminated to give an equation in Az and A;. On making the 
substitution 


Z=A2(3—A1)/A1(3—Aa); 
this last equation becomes 
x= (InZ—Z+1)/(Z—1—Z InZ) 





«= (3—A2)/(3—A;), 
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Fic. 1. Plot of the sums of coexistent densities (ordinates on left) and 
coexistent volumes (upper curves, ordinates on right) against reduced 
temperature (abscissa) for van der Waal’s type equation. The limiting 
slopes are indicated by dotted lines (Table I). Open circles and full curves 
represent calculated data. Because of the proximity of the curves and 
limiting slopes for the densities, the curves have not been drawn in. 


so that it is possible to calculate x for any value of Z and from the 
inverse transformations, the corresponding values of A; and Ao. It 
is interesting to note that the form of the equations is such that 
the sets of coexistent densities are simply related to temperature 
by a scale factor @"*?. 

The behavior of the coexistent densities and volumes is shown 
in Fig. 1 for different values of the exponent ~=0, 3, and 1. All 
three equations indicate reasonably good agreement with the 
law of rectilinear densities, Ai +A.—2=k(1—6), the best fit over 
the widest range being given by the Berthellot equation (n=1). 
None of them, however, shows good agreement with the law of 
rectilinear volumes, ¢:1+¢2.—2=k'(1—@). However, in the 
immediate vicinity of the critical, (i.e., in the range @=0.998 to 1) 
both laws are obeyed to within +0.01 percent by all three values 
of n. Table I gives the limiting slopes (fo and ko’) for this region. 
Guggenheim! has proposed an empirical formula for the difference 
of the coexistent densities, (A2—A1) =7/2(1—6)!, while both Gug- 
genheim and Fowler? and Landau and Lifschitz* have predicted 
on theoretical grounds a parabolic relation, (A,—A:)=a(1—6)}!. 
In fact it has been generally supposed that van der Waals’ type 
equations will have a parabolic coexistence plot in the immediate 
neighborhood of the critical. However, if log(A2:—A:) is plotted 
against log(1—@), then it is found that in the immediate vicinity 
of the critical the slope of the curve is 1/1.68 for n=} or 1 and 
1/1.84 for n=0. This seems to indicate some serious difficulty with 


TABLE I. Values of limiting slopes for rectilinear plots. 








ko ko’ 





~ 0.80 
=} 1.19 
=1 1.58 


222 








THE EDITOR 975 


the expansion methods which have been used in the afore- 
mentioned derivations. 

In conclusion it should be noted that the equation with n=4 
gives a reasonably good representation of the properties of non- 
associated liquids. At @2=0.625 which corresponds to the normal 
boiling point of most liquids, the Trouton constant is 9.4 (ob- 
served 10) and the reduced liquid density is 2.47 (observed 2.68). 
This is a marked improvement over both van der Waals’ and 
Berthellot’s equations. 

We are pleased to acknowledge our indebtedness to Mr. David 
Pearson of this department for his assistance with the computa- 
tions and to the Office of Naval Research for their support 
(Contract No. N6-onr-23811). 


1E,. A. Guggenheim, J. Chem. Phys. 13, 253 (1945), 

2R. Fowler and E. A. Guggenheim, Statistical Thermodynamics (Cam- 
bridge University Press, Cambridge, England, 1949), Section 729. 

3L. Landau and E. Lifschitz, Statistical Physics (Oxford University 
Press, Oxford, England, 1938), Section 50. 





Effect of Fermi Resonance on the Centrifugal 
Stretching Constants in CO, 
C. P. Courtoy* AnD G. HERZBERG 


Division of Physics, National Research Council, Ottawa, Canada 
(Received March 2, 1955) 


SUALLY it has been assumed that the centrifugal stretching 

constants D are essentially the samé for all vibrational 
levels of a polyatomic molecule in its electronic ground state. 
Since D itself is very small and therefore not measurable with high 
accuracy, any small changes of D with vibration would normally 
be expected to be beyond the accuracy of most measurements. 
We were therefore greatly surprised when we found large differ- 
ences in the D-values of various Fermi polyads of vibrational 
levels in CO:. 

The CO2 bands rity, 2vot+y3; 2vit+ps, vit2vo+pv3, 4vo+3; 
3yi +43, 2v1+2ve+v3, vi t4v2+v3, 6ve+v3; v2+2v3; 3v3 and most 
of the corresponding “hot” bands were measured with a high- 
resolution infrared spectrometer with a PbS receiver using up to 
68 traversals through a 1-m absorption cell. The D-values in 
Table I were obtained for the levels indicated. The relative accu- 
racy of these numbers is much better than the absolute accuracy. 
The D-values for the II states (upper and lower states of hot bands, 
1=1) are less accurate than those of the 2 states (/=0). Within the 
accuracy of the determination, the average D-values of the polyads 
are the same as those of the lowest vibrational level and of the 
single unperturbed states (monads). However, within a polyad 
the individual D-values differ greatly, in the case of the tetrad by 
as much as a factor three. 











TABLE I. 
Mean for 

M1 vel v3 D(10-* cm=) polyad 
0 @ 0 z 2 
1 0 1 z 1. 
0 20 1 = 16.1 13.8 
2 0° 1 z= 9.6 
1 20 1 z 13.7 13.8 
0 40 1 z 18.0 
3 0 1 z 7.6 
2 20 1 z 10.4 14.0 
1 40 1 z= 16.8 
0 6° 1 z= 21.4 
0 0 3 z= 13.8 
0 1! 0 II 14.2 
0 1! 2 II 12 
0 1! 3 II 12 
1 1! 1 II 12.9 
0 3! 1 II in 
2 1! 1 
1 3! 1 14.6 
0 51 1 II 16 14.0 
2 3! 1 II 13.5 
1 5! 1 0 16.3 
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The D-values have been determined by means of the combina- 
tion sums R(J)+P(J) which, when plotted against J(J+1), 
would give straight lines if D’—D’ were zero. To illustrate the 
effect of the variation of D within a polyad, Fig. 1 shows R(J) 
+P(J)+2(B”—B’)J(J+1) for the four bands of the tetrad 
3v1+y3. If the D’-values were all the same as in the ground state, 
four horizontal straight lines should be obtained. The strong 




















R(J)+P(J)+2 (B-B') J(u +!) 
=2)/o+2B'-2(D'-D")J*(u+1)* 
BU ts 
2U+2IAt+ls fos att 
U4+4 UYtls 
J » te 
fe) 1000 2000 3000 


Fic. 1. Combination sums for the Fermi tetrad 3v1+3 of CO2. 


deviation from linearity actually found is a measure of the devia- 
tion of D’ from Dooo. The symmetrical way in which D’ varies for 
the four components of the tetrad is striking. 

If the D-values of the 2 states are plotted against the order of 
the polyad, the diagram Fig. 2 is obtained. The variation for the 
II states is similar but less completely observed. The D-values of 
the II states given in Table I are averages of the D-values of the 
two J-doubling components. Actually there is a systematic 
difference in the D-values of the two /-doubling components which 
increases rather rapidly with v2. However, this difference may 
equally well be considered as due to a quartic term in the formula 
for the /-type doubling. 
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Fic. 2. The D-values of COz in Fermi polyads (2 states). 


It is remarkable that while the B-values in a Fermi polyad 
approach one another more closely than they would without 
Fermi resonance, the D-values are pushed apart from one another 
quite strongly. Following the preliminary report of this work at 
the Columbus meeting last June, Amat, Goldsmith, and Nielsen 
have discussed the theory of this effect. We understand that they 
will report about it shortly. 
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The detailed analyses of the bands on which the above discussion 
is based will be submitted for publication shortly. A similar study 
for CO, is in progress and has already yielded similar differences 
in the D-values. 


* National Research Laboratories Postdoctorate Fellow. 





Ionization Potential of Benzyl Radical 


Ikuzo TANAKA* AND CHIMAO KOMATSU 


Division of Pure Chemistry, National Research Council, Ottawa, Canada, 
and Laboratory of Physical Chemistry, Tokyo Institute of Technology, 
Tokyo, Japan 
(Received March 8, 1955) 


ENZYL radical has Co» symmetry (see Fig. 1). The electronic 
structure has already been investigated by Tanaka! using 
simple LCAO approximation. 

The authors calculated the energy levels and wave functions 
by the SCF method. The SCF determinant was constructed for 
benzyl cation, a six 7-electron system, using 2pm Slater functions 
for neutral carbon atoms (Z=3.18). According to Parr and 
Mulliken,? a solution of SCF determinant is given to be 


6=1;+2 (2;;—Kij). (1) 
2 


It was assumed here that the lowest three MO’s of the benzyl 
cation obtained can be applied to benzyl radical, a seven r- 
electron system as approximation. Then, using (1) the energy « 
was represented as 


€¢= 142 (Jat Jost a4) — (Kis t+ Kut+Kau) (2) 


and it can be used for benzyl radical as approximation. Also ¢, can 
be used for it. Moreover, as the radical is a neutral molecule, use 
of Z=3.18 gives a better approximation to e, and ¢, than lower 
levels and MO’s. The energy es and the corresponding ¢,4 obtained 
from SCF calculation are 


€4= E2,+3.30 ev, (3) 
$4,=0.040x1 —0.506x4—0.679x7+0.414 (x2+xe6) 
+0.002(x3s-+x5)- (4) 


The ionization potential of benzyl radical becomes immediately 


from (3), 
(<< >-cH: . ) =7.98 ev. 


Recently Lossing and his co-workers* obtained by electron 


impact, 
(<_>—cu.-)=7.73 ev. 


These two values are in good agreement. 

Lossing* also obtained 7.61-++0.05, 7.65+0.05, and 7.46 +0.05 
ev for the ionization potentials of ortho-, meta-, and para-methy]l 
radicals respectively. 

Using the aforementioned orbital, and making simple pertur- 
bation calculations, the authors reached the following results. 
According to second-order perturbation theory, 

_ |\H x’ |? 

Wi Wows (5) 
where W,”’ is second-order perturbation energy, W;° is above «, 
the energy of ¢,4 orbital, and W;° is the energy of the methyl 
radical in its ground state. Now 


Ku'= f xsH'$dr (6 


where xs is 2pm Slater function of the new-coming eighth carbou 
atom. Neglecting all B= /"xsH’x;dr but for the nearest neighbors, 
it becomes 

C2 


W,"= ’ 
*  WPp—we 
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Fic. 1. 


In (7) C; represents the coefficient of x; in ¢4. So the ionization 
potentials of ortho-, meta-, and para-methyl benzyl radicals 
should be lower by | W;,’’| than benzyl radical, and their sequence 
is determined approximately by the squares of C2, C3, and C, in the 
¢, orbital. As 

C2=0.17 (ortho), 

C;?=0.00 (meta), 

C2=0.26(para), 


which gives the following results: 


(ca >—cH: -) < ae ee) 
<1, oon) 


CH; 


This sequence of J, also agrees with Lossing’s experimental 
results, although very qualitatively. 

The authors wish to thank Dr. E. W. R. Steacie, for his interest 
and support in this work, Dr. F. P. Lossing, for his kindness in 
making available to them the results of recent investigations in 
his laboratory, and Dr. J. B. Farmer. They would also like to 
thank Y. Mori for his hearty discussions during the course of this 
research. 


* Japanese Government Fellow at The National Research Council, 
Ottawa, Canada. 

1T. Tanaka, Bull. Tokyo Inst. Tech. A, No. 1, 44 (1954). 

*R. G. Parr and R. S. Mulliken, J. Chem. Phys. 18, 1338 (1950). 

’Lossing, Ingold, and Henderson, J. Chem. Phys. 22, 621 (1954) 

‘Farmer, Lossing, Marsden, and McDowell (to be published). 





Note on the Dodecahedra: « Hybrids* 


GIOVANNI GIACOMETTI 
Institute of Physical Chemistry, University of Padua, Padua, Italy 
(Received October 27, 1954) 


N a communication to the Editor, appearing in this Journal,} 
Higman stated the necessity of using one f orbital to make 
dodecahedral « hybrids. This statement is in error and Kimball’s 
Table XXII in the cited paper? is correct. 
The character table for the group Dea is* 


E Ce 2S4 2C?’ 2e4a 
Ai 1 1 1 1 
Ao 1 1 1 —1 —1 
Bi 1 1 —1 1 —1 
Bz 1 1 -1 —1 1 
E 2 —2 0 0 0 


Higman’s error arises from the belief that the p set of orbitals 
of the central atom transforms, in the Deg group, as A2+E£. In 
fact this set transforms as E+ Be. 
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The transformation table reads 


E Ce Ss C2’ od 
x —£ y x =—— 
y = —— — “2 
z z —2 —2 Zz 
Chas.: 38 -1 a | -1 1 


The C2 axis has been chosen along the z axis. Only one operation 
for each class has been listed. 

From the character of the reducible representation, x, y, 2, we 
see that it transforms as the two irreducible representations E 
and Bo. 

To support even more this fact one might recall that the dodec- 
ahedral hybrids have been actually set up by Duffey* by making 
us only of s, p, and d functions. The directed valency treatment by 
Linnett and Mellish‘ is also in agreement with our present point of 
view. 

* This work was done while staying at the California Institute of Tech- 
nology, where the A. was supported by an American Government Grant. 

1B. Higman, J. Chem. Phys. 21, 2224 (1953). 

2G. E. Kimball, J. Chem. Phys. 8, 188 (1940). 

3 Eyring, Walter, and Kimball, Quantum Chemistry (John Wiley and 
Sons, Inc., New York). 


4 Duffey, J. Chem. Phys. 18, 1444 (1950). 
5 J. W. Linnett and C. E. Mellish, Trans. Faraday Soc. 50, 665 (1954). 





Note on the Dodecahedral « Hybrids 


BRYAN HIGMAN 
43 St. John's Road, Watford, Herts, England 
(Received February 24, 1955) 


R. Giocometti is correct in his criticism of the first half of my 
letter; the group in question is almost unique (there is one 
other) in that axes equivalent under the corresponding real group 
are no longer equivalent, and I fell into a trap of my own devising. 
Kimball’s tables are therefore correct apart from the obvious 
misprints. 

The point made in the second half of my letter remains valid, 
though it seems to have more theoretical than practical impor- 
tance. The fuller discussion promised will be found in my forth- 
coming A pplied Group-Thecretic and Matrix Methods in Physics 
and Chemistry to be published by Oxford University Press. 





Effect of Oxygen on Luminescence of 
Cadmium Sulfide 


S. H. LIEBSON AND FE. J. WEST 
United States Naval Research Laboratory, Washington, D. C. 
(Received February 21, 1955) 


UBE' has reported water vapor to be responsible for a 
decrease in photoconductivity of wurtzite cadmium sulfide. 
Electronegative gases have been reported? to cause a decrease in 
photoconductivity as well as a decrease in the luminescence of 
cadmium sulfide excited by ultraviolet light of wavelengths about 
3650 A, within the fundamental absorption band of these crystals. 
The absorption coefficient for ultraviolet at this wavelength is of 
the order of 210‘ cm™ according to Fassbender,’ limiting the 
photoelectric production of carriers and excitation of luminescent 
centers to the surface region. We have examined the red lumines- 
cence and photoconductivity of cadmium sulfide single crystals 
grown by a modified Frerichs method‘ as a function of oxygen 
pressure at room temperature. An increase or decrease in lumines- 
cence is accompanied by an increase or decrease respectively in the 
photocurrent. Since the earlier measurements! indicate changes 
in the rate of recombination of carriers to be responsible for the 
decrease in photoconductivity, it appears likely that the changes 
in luminescence intensity are also caused by increased radiation- 
less recombination. To minimize experimental difficulties, we have 
chosen to measure the luminescence intensity. Of measurements 
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Fic. 1. Variation of luminescence intensity with pressure of oxygen in millimeters of mercury. 


made on four groups of crystals, three showed evidence of a de- 
pendence of the form 


luminescence = p~/*, (1) 


where & is a constant for a given phosphor sample and ? is the 
ambient pressure. High impedance, photoconductive crystals, as 
well as crystals exhibiting appreciable conductivity at room 
temperature, showed similar behavior. Figure 1 shows the varia- 
tion of luminescence intensity as a function of ambient pressure 
after equilibrium has been obtained. The data represent the results 
after the sample had been cycled through the pressure range four 
times. The pressure reading at 2X 10~* mm Hg was obtained from 
an ionization gauge and was the lowest obtainable pressure in the 
system. 

The decrease in luminescence has been related to the formation 
of a surface barrier due to chemisorbed gas,? and an increase of 
recombination processes in the surface region. Figure 2 illustrates 
the type of barrier to be expected on n-type cadmium sulfide due to 
chemisorption or oxygen atoms or molecules. For an isomorphic 
chemically related compound, zinc oxide, the oxygen pressure 
dependence of the conductivity has been shown’ to be due to oxy- 
gen atom chemisorption, producing a surface barrier of the type 
shown. In cadmium sulfide the surface barrier may aid recombina- 
tion by several means. The field is such as to promote the migra- 
tion of holes to the surface to recombine with electrons in surface 
traps due to chemisorption, in a manner similar to that proposed 
for infrared quenching of photoconductivity of cadmium sulfide.® 
The lowering of the Fermi level at the surface will also cause a 
redistribution of occupied levels within the forbidden band which 
may affect directly both radiationless and luminescent recombina- 
tion. 

These results also suggest that at least a partial cause for the 
relative inefficiency of some cathode-ray phosphors at low bom- 
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Fic. 2. Surface barrier. 


barding voltages’ may be the formation of a surface barrier region 
with consequent increased radiationless transitions. 


1R. H. Bube, J. Chem. Phys. 21, 1409 (1953). 

2S. H. Liebson, J. Electrochem. Soc. 101, 359 (1954). 

3 J. Fassbender, Ann. Physik (6), 5, 33 (1949). 

4M. E. Bishop and S. H. Liebson, J. Appl. Phys. 24, 660, 963 (1953). 

5K. Hauffe and H. J. Engell, Z. Electrochem. 56, 366 (1952). 

6S. H. Liebson, J. Electrochem. Soc. (to be published). 

7H. W. Leverenz, An Introduction to Luminescence of Solids (John 
Wiley and Sons, Inc., New York, 1950). 





Paramagnetic Resonance of X-Rayed Teflon* 
E. E. SCHNEIDERT 


Department of Physics, Duke University, Durham, North Carolina 
(Received March 4, 1955) 


ARAMAGNETIC resonance absorption at 23 700 Mc has 
been observed in specimens of commercial Teflon (polytetra- 
fluorethylene) irradiated with x-rays from a beryllium window 
50-kv Machlett tube (AEG 50). Both the irradiation and the 
resonance observations were carried out at room temperature. A 
sensitive bridge type K-band resonance spectrometer similar to 
the X-band spectrometer described by Schneider and England,! 
was used to detect the weak resonances. From the magnitude of 
the integrated magnetic absorption it was estimated that after 
irradiation for 3 hours at 40 mA corresponding to a dose of the 
order of 5.10° r the concentration of spins was of the order of 10" 
cm~. A typical spectrum is shown in Fig. 1. The position of the 
resonance corresponds to a g-factor g=2.021, i.e., a positive g-shift 
as compared with the free electron value (g=2.0023). Of greatest 
interest is the structure of the resonances, a triplet with a separa- 
tion of 19 gauss between peaks. Although this structure is only 
barely resolved, the existence and magnitude of the splitting has 
been definitely established by direct observations of the central 
section of the spectrum on a CRO and by recording the derivative 
with a phase-sensitive detector. It is suggested that it is a hyper- 
fine structure due to interaction of the resonating electrons with 
fluorine nuclei and thus similar to the well-resolved structure of 
the resonance in x-rayed Lucite (polymethylmethacrylate)? which 
has been ascribed by the author to hyperfine interaction with pro- 
tons in CHe groups.’ It is likely that the resonance is due to un- 
paired electrons which result from a breaking of C—C bonds in 
the polymer chain and are localized on the C-atoms at the break. 
Thus, the observed triplet structure would have to be ascribed to 
te interaction of the electron with the nuclei of J=} of the two 
f-atoms directly bonded to the C-atom. If the electron were 
localized in a p-orbital on the C-atom the resonance should have 
g=ge and, with a C—F distance of 1.33 A, the magnetic moment 
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of the F-nucleus of 2.6 mm would lead to a triplet splitting of 5.6 
gauss. The existence of a g-shift of positive sign characteristic of 
halogen orbitals and the larger value of the triplet splitting would 
indicate that the extra electron participates to a certain extent in 
the CF bonding. Hyperfine interaction of the electron with more 
distant surrounding the F-nuclei would account for the large 
width (23 gauss) of the resonance lines. 


* Work supported by the U. S. Air Force through the Office of Scientific 
Research of the Air Research and Development Command. 

+ Now returned to King’s College, Newcastle/Tyne, in the University of 
Durham, England. 

'E. E. Schneider and T. S. England, Physica wa 221 (1951). 

+ i ag Day, and Stein, Nature 168, 645 51). 

3. Schneider, Trans. Faraday Soc. ot os published); see also 
Gordy, Smith and Trambarulo, Microwave Spectroscopy (John Ww iley and 
Sons, inc., New York, 1953), p. 239. 





Some Remarks on the Spectra of Nitrites 
and Nitrosamines 


P. TARTE 
University of Liége, Liége, Belgium 
(Received October 26, 1954) 


N a recent paper,! Haszeldine and Jander have reported and 
briefly discussed the ir and uv spectra of a series of nitroso- 
compounds. As we have worked for many years in this field, we 
should like to add some comments to their dataand interpretations. 
A. Alkyl nitrites —(1) Haszeldine and Jander have compared 
the uv spectra of alkyl nitrites in light petroleum and ethanol. This 
method is not reliable since the mixing of a nitrite, R'1ONO, with 
an alcohol, R°OH, is followed by a rather rapid reaction (which is 
limited to a chemical equilibrium): R'!1ONO+R2O0H=R'!OH+ 
R°ONO. In the peculiar case studied here (butyl and amyl ni- 
trites in ethanol), the error is not very serious because the uv 
spectra of ethyl, butyl, and amyl nitrites are very similar. But 
anyway, the observed spectrum is not the spectrum of a pure 
compound, and it is evident that another polar solvent should 
have been chosen. 

(2) Rotational isomerism was first proposed by us in 1951? and 
fully confirmed as a general property of alkyl nitrites. We should 
like to point out that our hypothesis of rotational isomerism is 
based, not merely upon a study of the doubling and temperature 
dependence of bands of methyl nitrite in the 6 region (as it 
seems to appear from reference 1), but upon (a) a study of 
the doubling and temperature dependence of all the bands 
(between 3 and 15 uw) of methyl nitrite? and monodeuterated 
methyl nitrite, (b) a systematic study of the uv and ir spectra 
of 15 alkyl nitrites? (rotational isomerism was deduced here 
from the doubling of the bands of the functional group O—N=O), 
and (c) a study of the nitrous acid (light and heavy) itself.5 

B. Dialkylnitrosamines.—We agree with the statement that 
“The ir spectrum of dimethylnitrosamine dissolved in chloro- 





form . . . is substantially identical with that of the liquid nitro- 
samine”; but the conclusion “Dimerisation . . . (analogous to 
C-nitrosodimers) . . . is thus improbable” may be considered as 
premature. We have studied the ir spectra of a series of dialkyl- 
nitrosamines in the liquid, dissolved (nonpolar solvent: CCl,), 
and gaseous states® and, in the case of dimethylnitrosamine, our 
results are as follows: the band observed at 1317 cm™ in the 
liquid is significantly weakened in solution and completely disap- 
pears in the gas; on the other hand, the band at 1448 cm™ in the 
liquid is shifted to 1490 cm, with a strong increase in intensity 
in the gas. Such spectral 'changes are characteristic of strong 
associations, and our interpretation is the following: 


Liquid 1317 cm™ vy—o frequency of associated molecules 
1448 cm™ vy o frequency of nonassociated molecules 
Gas 1490 cm™ yy—o frequency of free molecules 


(For the discussion of these assignments, see Tarte.®) 


1 Haszeldine and Jander, J. Chem. Soc. 691 (1954). 

2 D’Or and Tarte, J. Chem. Phys. 19, 1064 (1951). 

3P. Tarte, J. Chem. Phys. 20, 1570 (1952). 

4P. Tarte, Bull. Soc. Chim. Belges 62, 401 (1953). 

5 P. Tarte, Bull. Soc. Chim. Belges 59, 365 (1950). D'Or and Tarte, Bull. 
Soc. Roy. Sci. e. Liége, 685, 478 (1951). 

6 P. Tarte, Bull. Soc. Chim. Belges (to be published). 





Further Remarks on the Spectra of Nitrites 
and Nitrosamines 


R. N. HASZELDINE AND J. JANDER 


University Chemical Laboratory, Pembroke Street, Cambridge, England, and 
Chemische Laboratorium der Universitat, Freiburg, Germany 


(Received November 29, 1954) 


(a) The well-known preparative method for methyl nitrite 
depends on the ready removal of methyl nitrite (b.p. —14°) from 
the equilibrium: 


C;Hi.0ONO+CH;0OH—C;H110H+CH;0NO. 


Escape of any ethyl nitrite (b.p. 17°) produced by a similar 
equilibrium involving amy] nitrite and ethanol was prevented by 
deliberate choice of conditions (temperature 10-12°; sealed silica 
cells) for our measurements. Furthermore, since an independent 
method (to be published) shows that the amount of ethyl nitrite 
present at equilibrium is < 10-20 percent, the spectrum recorded is 
in fact predominantly that of amyl nitrite in ethanol. Amyl and 
butyl nitrites in other solvents (e.g., dimethylformamide; ace- 
tonitrile), where equilibria of the above type cannot exist, have 
spectra identical with those in ethanol and light petroleum. 

(b) Dr. Tarte’s paper! on alkyl nitrites was acknowledged in 
our publication, but lest this was inadequate it should be made 
clear that the interpretation given of the infrared spectra of alkyl 
nitrites is based upon Tarte’s original and prior postulate of 
rotational isomerism in these and similar compounds. 
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(c) Liquid dimethylnitrosamine shows four strong bands at 
6.92, 7.10, 7.60, and 7.76 uw of approximately equal intensity 
[ Fig. 1(a)]. The spectrum of a solution in chloroform [Fig. 1(b)] 
shows scarcely any change in the position and relative intensities 
of these bands, or in the band at 9.53 yw, and it was this which led 
to the conclusion that dimerisation to give R2.N-N(O-)-N* 
(:0)NR:2 (analogous to C-nitroso-dimers), although it would 
explain the shift of the N:O vibration, was improbable, since 
partial dissociation with subsequent change in spectrum was to 
have been expected. The spectrum of a carbon tetrachloride 
solution was subsequently found to show appreciable change in 
several bands; however [Fig. 1(c)], the 6.92 u band moves to 
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Fic. 1. Absorption spectra of dimethylnitrosamine. (a) Liquid capillary 
films. (b) Approximately 50 percent and 5 percent solutions in chloroform 
0.025 mm cell. (c) Approximately 50 percent and 5 percent solutions in 
— tetrachloride 0.025 mm cell. (d) Vapor in 10 cm gas cell heated at 


6.85 uw, but relative to the 7.76 u band scarcely changes in intensity 
and the 7.10 and 7.60 » bands move to 7.07 and 7.62 uw and are 
appreciably weakened relative to the 7.76 u band. The 9.53 w band 
shifts to 9.65 uw, but the 11.83 and 14.65 wu bands which appear in the 
pure liquid remain unchanged in both solutions. Finally the spec- 
trum of dimethylnitrosamine vapor at 120° [Fig. 1(d)] shows 
the 7.60 » band as only a weak shoulder, and the 7.1 » band as a 
weak peak. The strong bands in the spectrum are now at 6.72, 
7.75, and 9.85 uw. We assign the 6.72 uw band to the N:O bond in 
monomeric dimethylnitrosamine, and agree with the conclusion 
independently reached by Tarte, namely that in liquid dimethyl- 
nitrosamine hydrogen-bonding or association, as suggested earlier 
but rejected on the basis of the chloroform solution spectrum, 
must in fact be involved. A detailed discussion of the assignment 
of the 7.75, 7.07, and 7.62 uw bands, and of the solution and vapor 
spectra of other nitrosamines, is deferred to a paper to be sub- 
mitted shortly to the Journal of the Chemical Society. 

(d) We would take this opportunity of correcting a typo- 
graphical error in our paper, which was carried through to other 
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papers,” namely that the nitrogen-nitrogen vibration, assigned to 
the strong band in the 9.15—9.55 yw region for liquid nitrosamines, 
appeared in print as N—O instead of N—N. 


1P, Tarte, J. Chem, Phys. 20, 1570 (1952). 
2R. N. Haszeldine and J. Jander, J. Chem. Soc. 697, 919 (1954). 





Pure Rotational Spectrum of H.Se between 50 
and 250 cm 


E. D. PALIK* 
Department of Physics, The Ohio State University, Columbus, Ohio 
(Received February 21, 1955) 


EVERAL vibration-rotation bands of H:Se have been meas- 
sured by Cameron, Sears, and Nielsen.! The fairly simple 
structure of the observed bands suggests that the molecule is an 
almost accidently symmetric rotator with the apex angle 2a~90° 
and a~b=2c where a, b, and ¢ are the reciprocals of inertia. 

The pure rotational spectrum of H2Se has been observed in the 
spectral region between 50 and 250 cm™ using the far infrared 
spectrograph in this laboratory.2 The gas was prepared by a 
method involving the chemical reaction 


Al.Se3 a 6H,0-—2Al (OH) 3 +3H.Se. 


The gas, dried with P.O;, was introduced into a cell 7.5 in. long 
having polyethylene windows 0.01 in. thick. Several spectrograms 
were obtained using gas pressures between 3 and 12 cm Hg. 

A portion of the observed spectrum is shown in Fig. 1. It consists 
of a series of strong lines with approximately constant spacing 2c, 
with some weaker lines between these main lines. These strong 
lines are indicated by arrows. Taking into consideration the selec- 
tion rules J=0, +1 and ++<+—— and +—<>—+ for dipole 
moment along the axis of intermediate moment of inertia,* the 
strong series can be identified with transitions between low 7 
levels, for example 7_6—6_6, 8-;—7_7, 9-s—8_s. Some of these 
transitions are indicated in Fig. 1. A weaker series of lines, marked 
by crosses in Fig. 1, is found to have approximately constant 
spacing 2a. These are assigned to high 7 transitions, for example 
76—6¢6, 8:—77, 9s—8s. The spacing of the lines in these two series 
give approximate values for a and c, and b was obtained using the 
fact that 7.=J,+J> for a planar figure. Making use of the approxi- 
mate expression for the energy levels of a slightly asymmetric 
rotator 


F (J, K)otiate= 3 (a+6)J (J +1) +[e—3 (a+b) JK? 


given by Herzberg,’ it was possible to calculate the pure rotational 
spectrum. This approach leads to a tentative assignment of 
several of the other lines which also form series which are less 
evident than the two main series. 

The analysis was refined by using the Cross, Hainer, King 
tables®: to calculate energy levels and intensities. It was possible 
to assign most of the lines between 50 and 150 cm™. Many of the 
lines of higher frequency were assigned tentatively, but a quanti- 
tative centrifugal stretching correction has not ~_ too successful 
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Fic. 1. Pure rotational spectrum of H2Se. 
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TABLE I. Molecular constants of H2Se. 








Ia =3.42 X10- g cm? 


a=8.1 

b=7.6 Ip =3.64 
c=3.9 Ie =7.16 
r(H —Se) =1.47A 2a =91° 








except for the two main series. For these two series, it is found that 
because of the effect of centrifugal stretching on the energy levels, 
the observed lines are shifted from the positions of the correspond- 
ing rigid rotor lines by an amount proportional to J’. Here J’ is 
the rotational quantum number for the final state involved in the 
transition. 

On the basis of the analysis carried out so far, tentative values 
for the reciprocals of inertia a, b, c, the moments of inertia Ja, Is, 
I., the H—Se distance r, and the apex angle 2a can be given. These 
results are listed in Table I. Since there are several isotopes of 
selenium, H:Se7*, H2Se®, etc., there is a slightly different pure 
rotational spectrum due to each of the molecules because the 
rotational constants are different, but these spectra essentially 
coincide for the resolution available in this investigation. 


* DuPont Fellow. 

1 Cameron, Sears, and Nielsen, J. Chem. Phys. 7, 994 (1939). 

2The spectrograph was available for this investigation through the 
courtesy of Wright Air Development Center, who, through a contract with 
The Ohio State University Research Foundation, has provided partial 
support for its construction and maintenance. This has gratings ruled at the 
University of Michigan and a Golay detector with a diamond window, the 
latter being made available through the courtesy of Elias Burstein of the 
Naval Research Laboratory. 

3G. Herzberg, Infrared and Raman Spectra (D. Van Nostrand Company, 
Inc., New York, 1945), p. 55. 

4 Reference 3, page 48. 

5 King, Hainer, and Cross, J. Chem. Phys. 11, 27 (1943). 

6 Cross, Hainer, and King, J. Chem. Phys. 12, 210 (1944). 





Separation of Nitrogen Isotopes by Chemical 
Exchange between NO and HNO;* 


W. SPINDELT AND T. I. TAYLOR 
Chemistry Department, Columbia University, New York, New York 
(Received February 28, 1955) 


HE isotopic exchange reaction 
N50+N"0:—N"“O+N"02, 


first suggested by Urey and Greiff! as a possible method of separat- 
ing nitrogen isotopes, was shown by Leifer? to be very rapid 
even at low temperatures. Using this chemical exchange in a 
thermal diffusion column, Spindel and Taylor** obtained an 
over-all separation of 3.0 in a 2.0 meter column. These results 
suggested that exchange reactions between gas and liquid phases 
containing the oxides of nitrogen might also be useful. Calculations 
from spectroscopic data?:*-5 indicated favorable equilibrium con- 
stants for a number of exchange reactions involving oxy-com- 
pounds of nitrogen. Those reactions for which exchange is rapid 
should yield useful separations if suitable reflux systems are 
available. 

In some preliminary experiments with the exchange reaction® 


NO (g) +N2"O3(1)—N™O (g) +N2"°Os (1) 


at 3-5°C in a 2.0 meter column, 1.0 cm i.d., we obtained an over- 
all separation of 2.1. We have found that the reaction 


NO(g) +HNO3"! (ag)—N"0 (g) +HN"03 (aq) 


is also rather favorable for the separation of N'*. The partial pres- 
sures of NO and NO? in the gas phase as well as the composition of 
the liquid phase depends upon the concentration of the nitric acid.” 
The presence of NOz, N2O3, and HNO: in the liquid phase appar- 
ently speeds up the exchange between NO and HNO3. When the 
concentration of NO: in the gas phase is too high the over-all 
separation for the system is lowered. Thus, there appears to be an 
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optimum range of concentration of nitric acid as shown by the 
following experiments. 

The exchange column used for the experiments is shown 
diagrammatically in Fig. 1. Nitric acid entering the product 
refluxer is converted to NO and NOs: by reaction with SO»; 
H:2SO, being formed in the process. The reaction zone, about 10 
cm long, is easily detected by the color of the NO: or by the rather 
marked rise in temperature. A photometer cell is used to auto- 
matically control the position of the reaction zone by opening a 
by-pass soleneid valve in the SO2 line whenever the color of NO2 
in the cell becomes too intense. A small amount of water (0.05 to 
0.1 of the HNO; flow) is added at the top of the refluxer to main- 
tain the partial pressure of NO» at about that in equilibrium with 
the nitric acid in the column. The NO from the top of the column 
is passed into a waste refluxer where it is converted to nitric acid. 

The over-all separations obtained in the 1.5 meter column for 
several concentrations of nitric acid are summarized in Table I. 
In a similar column 1.2 meters long, Thode and Urey® obtained 
an over-all separation of 1.42 using the NH;— NH,NO; system for 
which the enrichment factor a is 1.023. For the NO—10M HNO; 
system several preliminary single stage experiments gave an a 
of 1.045+0.01. Using this value for a, the H.E.T.P. for 10M 
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Fic. 1. Exchange column and reflux systems for separation of 
nitrogen isotopes by exchange of nitric oxide with nitric acid. 


TABLE I. Effect of HNOs concentration on over-all separation. 








Approx. time 





Conc. of © Flow rate for equilib- Over-all 
HNO: cc/cm?/min rium, hr separation 
12M 1.3 11 1.7—2.08 
10M 1.5 12 2.5 

8M is 10 2.3 
6M 1.3 11 2.0 
2M 0.8 3 1.15 








® The separations were sensitive to the concentration of NO:z in the NO 
from the refluxer. 
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HNO; is 7.2 cm compared to 7.0-7.8 for the NH;—NH,NO; 
system.® 

The favorable value of a for the NO—HNO; exchange con- 
siderably reduces the plant size required to produce large quanti- 
ties of HN"O;. Also the production of a useful chemical, H2SO, in 
the product refluxer and the low cost of chemicals needed to reflux 
the waste end of the system, along with the recovery of HNOs, all 
serve to reduce the operating cost. 

Further experiments are in progress to determine the optimum 
operating conditions with respect to concentration, temperature, 
pressure, and flow rates. 


* This work was supported by a grant from the U. S. Atomic Energy 
Commission, AT (30-1) 755. 

+ On leave from New York State College for Teachers, Albany, New York. 

1H. C. Urey and L. J. Greiff, J. Am. Chem. Soc. 57, 321 (1935). 

2 E. Leifer, J. Chem. Phys. 8, 301 (1940). 

3 W. Spindel, thesis, Columbia University (1950). Paper to be published. 

4T. I. Taylor and W. Spindel, J. Chem. Phys. 16, 635 (1948). 

5 W. Spindel, J. Chem. Phys. 22, 1271 (1954). 

6A study of this system was started at New York State College for 
Teachers, Albany, New York by W. Spindel in collaboration with O. E. 
Lanford. A study of the kinetics of this and similar reactions is being con- 
tinued there but the isotope separations are being done in this laboratory. 

7 Abel, Schmid, and Stein-Wien, Z. Electrochem. 36, 692 (1930). 

8H. G. Thode and H. C. Urey, J. Chem. Phys. 7, 34 (1939). 





Electron Exchange Coupling of Nuclei 
in Aromatic Systems* 
H. S. Gutowsky, L. H. MEYER,t AND D. W. McCatift 


Noyes Chemical Laboratory, University of Illinois, Urbana, Illinois 
-~ (Received March 2, 1955) 


HE high-resolution nuclear magnetic resonance spectra of 
liquids often exhibit a multiplet structure which arises from 
an exchange coupling of nonequivalent magnetic nuclei by the 
bonding electrons.! This coupling is greatest for nuclei in atoms 
bound directly to one another, but it can extend over several 
bonds. For single bonds, the magnitude of the coupling falls off 
rapidly with the number of bonds. As an example, we have meas- 
ured? the proton-fluorine coupling in ethyl fluoride and found it 
to be about 60 and 20 cycles respectively for the CH2 and CH; 
groups. So the attenuation factor for the additional C—C single 
bond between the interacting nuclei is the order of 4. 

The proton and fluorine spectra observed in several fluoro- 
benzenes are distinctively different from those in aliphatic com- 
pounds. Typical results are summarized in Table I, and the proton 
resonance in fluorobenzene itself is shown in Fig. 1. The latter at 
first glance is a doublet as would be the case if the fluorine were 
coupled equally to the ortho-, meta-, and para-protons. The fluorine 
resonance has apparently six main components with an intensity 
distribution about as predicted! for five protons coupled equally to 
the fluorine. But the individual components appear broader than 
in the proton resonance suggesting slightly different coupling with 
different protons. 

Also, the spectra of the di- and tetra-fluorobenzenes require the 
proton-fluorine coupling to be independent of the proton and 
fluorine locations in the molecule, but in these compounds no 
proton-fluorine pair is in the para-orientation. The broadened 
proton and fluorine triplets in 1,3,5-trifluorobenzene show that 
each proton and fluorine couples mainly with only two nuclei of 
the opposite species and to a much lesser extent with the third.* 
So the coupling with the para-position must be small compared to 
that with the ortho-position. 

A small coupling with the para-position is compatible with the 
results for fluorobenzene. In Fig. 1 the left component is definitely 
broader than the right indicating further, unresolved structure 
displaced from the center of the resonance by a chemical shift. 
Moreover, in para-substituted monofluorobenzenes (p-fluoro- 
phenol, -anisole, and -phenetole) the doublet proton resonances 
are more clearly resolved, even though the splittings are the same 
as in fluorobenzene. 
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These results do not appear to have a simple explanation. 
Coupling via the o bonds should attenuate rapidly in the ortho-, 
meta-, and para-sequence, by analogy with aliphatic compounds 
and as theoretically expected.! And if the r electrons predominate 


TABLE I. Splitting of the nuclear magnetic resonances by the electron 
coupling of the protons and fluorine nuclei in several fluorobenzenes. 








Proton resonance Fluorine resonance 





Compound Line shape* Splitting> Line shape*  Splitting> 
fluorobenzene* (1-1) 6.8 cycles 6 lines (?) ~6.5 cycles 
p-difluorobenzene (1-2-1) 6.1 cycles (1-4-6-4-1) 6.5 cycles 
1,3,5-trifluorobenzene¢ (1-2-1) 7.6 cycles (1-2-1) 7.9 cycles 
1,2,4,5-tetrafluoroben- (1-4-6-4-1) 9.1 cycles (1-2-1) 9.3 cycles 


zene 








® The numbers give the relative intensities of the resonance components. 

b This is the separation between adjacent components; the observed 
splittings are the same within experimental error for protons and fluorine. 

¢ The resonance components for these compounds appear broader than 
for the others. 


in the coupling, the interactions should be comparable at the ortho- 
and para-positions, as found for substituent effects.* Additional 
experiments, with higher resolution, are under way to characterize 
more accurately the exchange coupling in aromatic systems. If the 
results are amenable to a theoretical analysis, the method should 
contribute to our understanding of the electronic nature of such 





_ Fic. 1. Oscilloscope photograph of the proton magnetic resonance in 
liquid fluorobenzene at room temperature. The field sweep was 15 milli- 
gauss, the total field, 4200 gauss. 


systems. In this connection, it is of interest to note the dependence 
of the coupling constants in Table I on the extent of fluorine 
substitution. Also, these coupling constants are smaller than that 
between the CH; protons and the fluorine in ethy] fluoride, which 
are separated by the same number of bonds as a pair of nuclei 
ortho to one another. 


* Supported by the Office of Naval Research and by a grant-in-aid from 
E. I. du Pont de Nemours and Company. 

Ta. Atomic Energy Commission Predoctoral Fellow. Present address: 
U. S. Atomic Energy Division, E. I. du Pont de Nemours and Company, 
Augusta, Georgia. 

t National Science Foundation Predoctoral Fellow. Present address: 
Bell Telephone Laboratories, Murray Hill, New Jersey. 

1 Gutowsky, McCall, and Slichter, J. Chem. Phys. 21, 279 (1953). 

2 Gutowsky, Meyer, and McClure, Rev. Sci. Instr. 24, 644 (1953). 

3 The three protons are equivalent, group A, and so are the three fluorines, 
group B, but the fluorobenzenes differ in general from the case described in 
reference 1, p. 286. The molecular symmetry of the latter case was such that 
coupling of a (the single) nucleus in group A was the same with all nuclei in 
group B. However, here the ortho-, meta-, and para-positions are distinguish- 
able from one another when referred to a particular nucleus, so the inter- 
nuclear coupling can differ at these different sites, even though some of the 
sites may be identical when considered from the over-all molecular sym- 
metry. 

4See, for example, C. A. Coulson, Valence (Oxford University Press, 
London, 1952), pp. 247-9. ‘ . ae 
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Free Energy Functions for Gaseous Atoms from 
Hydrogen (Z=1) to Niobium (Z=41) 
THOMAS J. Katz AND JOHN L. MARGRAVE 


Department of Chemistry, University of Wisconsin, Madison, Wisconsin 
(Received March 8, 1955) 


CCURATE thermodynamic functions, especially free energy 
functions, are needed for all gaseous atoms, but reliable data 
for their calculation are not always available. The recent critical 
compilations of Moore! include atomic energy levels for neutral 
and ionized atoms from hydrogen (Z=1) to niobium (Z=41). 
With these atomic energy level tables, the chemical atomic 
weights,? and the values of the fundamental constants,’ one may 
calculate the free energy function, (F°—H,°/T), for gaseous atoms 
as described by Giauque.‘ The superscripts indicate that an ideal 
gas has been assumed. Nuclear spin contributions have not been 
considered in this work. The free energy function is exceedingly 
useful for many thermodynamic calculations.® 
The results of the calculations, which were carried out with an 
International Business Machines Card-Programmed Electronic 
Calculator, Model II, in the Numerical Analysis Laboratory of the 
University of Wisconsin, Madison, Wisconsin, are given in Table 
I. These values include both translational and electronic contri- 


TABLE I. Free energy functions for gaseous atoms. 








— (F®—Ho0°/T) in cal deg! mole 





Element 298°K 500°K 1000°K 2000°K 
H 22.422 24.993 28.437 31.880 
He 25.155 27.726 31.170 34.613 
Li 28.173 30.744 34.188 37.631 
Be 27.577 30.148 33.592 37.035 
B 31.579 34.190 37.664 41.123 
is 32.519 35.200 38.727 42.213 
N 31.644 34.215 37.658 41.102 
oO 33.074 35.840 39.459 43.002 
F 32.689 35.413 39.057 42.642 
Ne 29.978 32.549 35.992 39.436 
Na 31.744 34.315 37.759 41.202 
Mg 30.534 33.104 36.548 39.992 
Al 33.754 36.570 40.209 43.755 
Si 34.064 37.102 40.928 44.587 
4 34.010 36.581 40.024 43.469 
Ss 34.746 37.538 41.276 44.928 
Cl 34.426 37.060 40.688 44.338 
A 32.012 34.583 38.027 41.471 
K 33.326 35.897 39.340 42.785 
Ca 32.023 34.594 38.037 41.481 
Sc 35.120 37.691 41.134 46.260 
Ti 37.021 40.103 44.033 47.793 
Vv 37.205 40.448 44.663 48.840 
Cr 36.666 39.237 42.681 46.151 
Mn 36.523 39.094 42.538 45.981 
Fe 37.618 40.532 44.504 48.368 
Co 37.780 40.489 44.381 48.513 
Ni 38.045 40.897 44.822 48.823 
Cu 34.775 37.346 40.790 44.235 
Zn 33.481 36.052 39.496 42.939 
Ga 35.122 37.960 42.011 45.986 
Ge 34.171 37.406 41.994 46.390 
As 36.642 39.213 42.656 46.102 
Se 37.242 39.817 43.334 47.024 
Br 36.834 39.406 42.854 46.362 
Kr 34.218 36.789 40.232 43.676 
Rb 35.658 38.229 41.672 45.116 
Sr 34.354 36.925 40.369 43.813 
Y 37.371 40.284 44.221 48.015 
Zr 37.850 40.798 44.989 49.264 
Nb 37.792 41.308 46.015 50.512 








butions to the free energy function. The wiring of the calculator 
was such that only electronic energy level contributions >0.0005 
were considered. The results agree well with those of Brewer® and 
with the data from the NBS Series III Tables’? where comparisons 
are possible. Our results show differences caused by revision of 
values of the fundamental constants, of chemical atomic weights, 
and in positions of atomic energy levels. In particular, new or 
different values are presented for Sc, V, Co, Ga, Zr, and Nb, and 
should be used for calculations involving these gaseous atoms. 
The authors wish to acknowledge the aid of the Wisconsin 
Alumni Research Foundation for funds supporting the use of het 
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computing machines, and the cooperation of the staff of the 
Numerical Analysis Laboratory of the University of Wisconsin. 


1C, E. Moore, Atomic Energy Levels (National Bureau of Standards, 
Washington 25, D. C.), Circular 467, Vol. I (1949) and Vol. II (1952). 

2 E. Wichers, J. Am. Chem. Soc. 76, 2033 (1954). 

3 Rossini, Gucker, Johnston, Pauling, and Vinal, J. Am. Chem. Soc. 74, 
2699 (1952). 

4W. F. Giauque, J. Am. Chem. Soc. 52, 4808 (1930). 

5 J. L. Margrave, J. Chem. Educ. (to be published). 

6L. Brewer, National Nuclear Energy Series, edited by L. L. Quill 
(McGraw-Hill Book Company, Inc., New York, 1950), Paper 3, Vol. 19B. 

7 Selected Values of Chemical Thermodynamic Properties, Series III 
(National Bureau of Standards, Washington, D. C.). 





On the Molar Sound Velocity in Liquids and 
the Liquid State 


HERMAN I. LEON 
Department of Engineering, University of California, Los Angeles, California 
(Received February 21, 1955) 


HERE are several proposed theories'? that provide a some- 
what simplified mechanical model of liquid structure, but 
prediction of ultrasonic velocities from these models is not com- 
pletely satisfactory. There is another technique, completely 
empirical, for predicting ultrasonic velocities that makes use of the 
additive property of the molar sound velocity in organic liquids. 
Rao’ observed that the thermal coefficient of sound velocity in 
organic liquids is about three times the thermal coefficient of 


density : 
a (4 (2) 
<l eh 08 B ae 1 
v\oT/P _ oT/P (1) 


where 7 is the ultrasonic velocity, p the density, P the pressure, and 
T the absolute temperature. The molar sound velocity R follows 
by integration: 

R=Vo! (2) 


where V is the molar volume. No theoretical justification for the 
form of Eqs. (1) and (2) has yet been found. 

Theoretical and numerical analysis.—It is known from the deri- 
vation of the one-dimensional wave equation in a lossless fluid that 
the velocity of sound is* 


2), (2). 

Y= = 3 
ap)s~ NapJr (3) 
for small amplitude sound waves, in which P is pressure, S$ is 


entropy, and y is the ratio of specific heats. Differentiating with 
respect to temperature and substituting from (3), we finally 


derive (for constant -) 
Csr) CG) Ge) elar Ge) eed Aan) 


In order to give theoretical support to the experimental relation of 
Eq. (1), we wish to show that the term in brackets in Eq. (4) is 
numerically equal to three. 

A numerical method of calculating the factors in Eq. (4) has 
been proposed by Watson,® who presents a table of values for 
T,, P,, and f, where T, and P, are dimensionless ratios to critical 
values, and f is directly proportional to p. This table is claimed to 
be applicable to calculations for all liquids with good accuracy. 

Figure 1 shows the results of graphical and numerical evaluation 
of Eq. (5).* For room temperature and atmospheric pressure, the 
range of 7, is from 0.50 to 0.65 and of P, from 0.02 to 0.03 for 
hydrocarbons. It is seen that for these values the ratio of thermal 
coefficients of sound velocity to density runs close to 3. For higher 
temperatures and pressures, the ratio is substantially greater. 
From these results a ratio of 3 for the temperature coefficients 
appears to be nothing more than an accident of environmental 
conditions. 

Analytical equations of state—Of the several equations of state 
for the liquid phase, one has been used with moderate success by 
Kittel! to predict temperature and pressure coefficients of density, 


(4) 
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Fic. 1. Ratio of thermal coefficient of sound velocity to thermal coefficient 
of density where 7;=temp. (°R)/critical temp., Pr= aang Wary pos 
iccalammael room temp.: 7, =0.5 to 0.65 atmos pressure: P; =0.02 

3. 


sound velocity, and sound absorption: 
PV,=3RT (5) 


where R is the perfect gas constant and V, is the available volume. 
Furthermore, Vq is the difference between the actual volume and 
the volume of closest packing. From this expression, Kittel derives 
expressions for the temperature coefficients of sound velocity and 
density. The ratio of these coefficients becomes 


Wl! -=(3),J-1 (©) 


If we arbitrarily set this ratio of coefficients equal to 3, we merely 
derive a relationship, V=8V, (neglecting a term involving y), that 
is consistent with Eqs. (1) and (5). It is apparent that theoretical 
footing for Eq. (1) cannot be found through this approach. 





1C. Kittel, J. Chem. Phys. 14, 614 (1946). 

2W. Schaaffs, Z. physik. Chem. 196, 397 (1941). 
asa R. Rao, Indian J. Phys. 14, 109 (1940) and J. Chem. Phys. 9, 682 

4 See, for instance, P. Vigoureux, Ultrasonics (John Wiley and Sons, Inc., 
New York, 1951). 

5K, M. Watson, Ind. Eng. Chem. 35, 398 (1943). 

6 The variation in y can be calculated from Watson's tables, and terms 
involving derivatives of y are to be negligibly small. 





Nuclear Spin-Spin Coupling in 
Substituted Benzenes 
EDWARD B. BAKER 


Dow Chemical Company, Midland, Michigan 
(Received March 15, 1955) 


IGH resolution nuclear magnetic resonance spectroscopy 
is capable of contributing greatly to knowledge of the 
structures of substituted benzenes. Studies based on gross position 
of the ring hydrogens and of attached fluorines were reported by 
Gutowsky! et al. The fine structure of the ring hydrogens caused 
by chemical differences and by mutal spin-spin splitting? studied 
in the proton spectra, or in spectra of magnetic substituents, can 
also contribute valuable quantitative information. 
A great variety of situations can arise, some too complicated 
for present resolving power. We present several simple cases to 
illustrate the method. 


” The fluorine spectra of f-fluoro ethyl benzene (Fig. 1) and 
fluorobenzene (Fig. 2), show by the multiplicities and intensity 
distributions that the ring protons all couple equally to the 
fluorine. Equality of coupling strikingly demonstrates the effect 
of x-bond resonance, since the coupling is passed undiminished 
around the ring. In the corresponding proton spectra (not shown) 
spin-spin doublets are observed, with coupling constant 6.6 cps 
in both proton and both fluorine spectra. Since no internal chemical 
shifts are evident in the proton spectra the ring hydrogens are 
chemically equivalent, and resonating structures bearing formal 
charges must be proportioned to fulfill this condition or be negli- 
gible. The absolute shifts of proton and fluorine spectra are in 


SES pod 


on 4 i i ; 
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Fic. 1. F!9 spectrum of ~-fluoro ethyl benzene at 30 Mc 
(reference C4FsO). 
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Fic. 2. F® spectrum of fluorobenzene at 30 Mc (reference (CsFs0). 


Fic. 3. Ring H’ spectrum of p-nitrocumene at 40 Mc (reference H2O). 





as ‘ ot 





-2.5 -2,0 


Fic. 5. Ring H’ spectrum of o-dibromo benzene at 40 Mc (reference H20). 
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accord with each other and indicate a donation of electrons to the 
ring by fluorine in the case of fluorobenzene, and a withdrawal 
in the case of p-fluoro ethyl benzene (by comparison with benzene). 

Relative chemical shifts of ring hydrogens and destruction of 
around-the-ring coupling are illustrated by p-nitro cumene (Fig. 
3). In this case no external magnetic nuclei are needed to demon- 
strate the inequality of coupling. This pattern is interpreted as a 
mutual splitting (J=7.5 cps) by two nonequivalent protons 
(6=0.70 ppm) with duplication on the opposite side of the ring 
by an independent pair of protons. The nitro group is electron 
withdrawing, and if one assumes less electron density on ortho- 
than meta-hydrogens the ortho-hydrogens lie on the low field side. 

Nitrobenzene (Fig. 4) appears qualitatively similar except for 
the superposition of the para line between ortho and meta; it is 
closer to meta according to the assumption made above. The 
o—m chemical difference is now only 6=0.62 ppm and coupling 
J =6.6 cps. Since the para is unsplit, it is not coupled to ortho. 
Since para and meta are nearly the same chemically, the para- 
meta splitting would be nearly forbidden. 

Finally, o-dibromo benzene (Fig. 5) is an example of an inter- 
mediate case in which around-the-ring coupling is still present but 
internal chemical shifts are apparent. The spectrum shows two 
spin-spin multiplets (J=3.5 cps) of three components separated 
by a chemical shift of 5=0.47 ppm. Thus both J and 6 are inter- 
mediate between the fluoro and nitro compounds discussed above. 
The absolute position indicates a withdrawal of electrons from the 
ring close to that for nitrobenzene although the manner of with- 
drawal is quite different. The two spin groups of two protons 
apiece are evidently the pair adjacent to the bromines and the 
pair opposite, from symmetry. Since the absolute position of the 
line center (6=—2.0) indicates the bromines are electron with- 
drawing, the pair of protons adjacent to the bromines should have 
lessened electron density and thus are assigned to the low field 
triplet. 

1Gutowsky, McCall, McGarvey, and Meyer, J. Am. Chem. Soc. 74, 
4809 (1952). 

2.N. F. Ramsey and E. M. Purcell, Phys. Rev. 85, 143 (1952); E. L. Hahn 


and D. E. Maxwell, Phys. Rev. 88, 1070 (1952); Gutowsky, McCall, and 
Slichter, J. Chem. Phys. 21, 279 (1953). 





Note on the Branching Condition in the 
One-Dimensional Free Electron 
Gas Model 


ARTHUR A. FROST 
Department of Chemistry, Northwestern University," Evanston, Illinois 
(Received February 8, 1955) 


UHN,;,! in a letter to this Journal with the above title as well 

as elsewhere? has discussed a modified relation between 

first derivatives of the wave function along the one-dimensional 

branches in a free-electron system at the branching point. He 

proves that the necessary and sufficient condition for conservation 

of probability current! and that there be a system of orthogonal 
functions? is 


2; (dys; /ds;)p=Kyp, (1) 


where the s; are coordinates along the several branches meeting 
at the point P; these coordinates are defined as all increasing in a 
direction away from this point. The ys; are the wave functions 
along these branches with yp their common value at the point of 
intersection. K is a constant which must be the same for all 
acceptable wave functions at the point P but can be different for 
other branching points. 

The previously used branching condition of Kuhn‘ and of 
Griffith’ and Ruedenberg and Scherr* is Eq. (1) but with K=0. 

It is to be noted that Kuhn has not used in his proofs any 
specific assumption about the potential energy of the electron as a 
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function of position. Equation (1) is therefore more general than 
required for the free electron method and applies regardless of 
whether or not the potential energy is constant. It will now be 
argued that K differs from zero only if there is a delta function 
discontinuity in the potential energy and that therefore for the 
free electron method K must be zero as in the original calculations. 

First consider a branching point with only two branches. This, 
of course, is a case of really no branching at all. Nevertheless, the 
proofs apply equally well. Equation (1) then states that in the 
neighborhood of any point there may be a discontinuity in the 
derivative. Now it would ordinarily be concluded that such a 
discontinuity would not be permitted in any acceptable wave 
function and therefore K must be zero. Nevertheless, a finite 
value of K can have significance even in this nonbranching case, 
as discussed recently by this author’ in connection with a delta 
potential function model where K = —2 mg/h?, m being the mass 
of the electron and g the strength of the delta potential function. 

Now consider a branching point with three or more branches. 
The simplest example is a hydrogen-like atom in its 1, state. 
Replace the usual three-dimensional problem by one involving a 
wave function along m one-dimensional straight line branches 
radiating out from the nucleus. With »=2 as pointed out in refer- 
ence 7 the correct energy and wave function along the line are 
obtained if g=Ze?, the magnitude of the charge product of nucleus 
and electron. In order for the same correct solution for energy and 
wave function to be obtained for m branches, Eq. (1) must be 
satisfied with K = —nmg/h’. 

The conclusion is that the new Kuhn condition (1) with K not 
zero applies only if the potential energy involves delta functions. 
If the electrons are free or have only continuous changes in po- 
tential then K=O, in which case the old condition is applicable. 

This research was supported by the National Science Founda- 
tion. 

1H. Kuhn, J. Chem. Phys. 22, 2098 (1954). 

2H. Kuhn, Z. Elektrochem. 58, 219 (1954). 

3H. Kuhn, Z. Naturforsch. 9a, 989 (1954). 

4H. Kuhn, Helv. Chim. Acta 32, 2247 (1949). 

5 J. S. Griffith, Trans. Faraday Soc. 49, 345 (1953). 


6 K. Ruedenberg and C. W. Scherr, J. Chem. Phys. 21, 1565 (1953). 
7A. A. Frost, J. Chem. Phys. 22, 1613 (1954). 





Infrared Spectrum of Iridium Hexafluoride 


H. C. Mattraw, N. J. Hawkrns, D. R. CARPENTER, AND W. W. SABOL 
Knolls Atomic Power Laboratory,* Schenectady, New York 
(Received March 10, 1955) 


LL of the Group VI hexafluorides have been shown to have 

the symmetrical structures of regular octahedra. Since 

rhenium hexafluoride in Group VII has been shown to be octa- 

hedral it is interesting to see if this symmetry is retained by IrFs 
a Group VIII hexafluoride. 

Iridium hexafluoride was prepared at KAPL by direct combina- 
tion of the elements. Purification of the golden yellow gas was 
accomplished by vacuum distillation in a copper and nickel 
vacuum system. 

The infrared spectrum of iridium hexafluoride was recorded 
over the range of 2 to 40 uw. Nickel cells with silver chloride win- 
dows were used in the range from 2 to 23 yw. The cells were heated 
externally and spectra recorded at temperatures from 25°C to 
100°C. The instrument used for this part of the investigation was 
a standard Baird Spectrophotometer with sodium chloride and 
potassium bromide prisms. In the range from 23 to 40y a Perkin- 
Elmer single-beam instrument utilizing a KRS-5 prism was used. 

The spectrum of iridium hexafluoride is typical of the other 
heavy metal hexafluorides of O;, symmetry.! That is, there are a 
total of six fundamental vibrations, two of which (v3 and v4) are 
infrared active. Both of these fundamental vibrations were ob- 
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served directly; the other four fundamental vibrations were de- 
rived from the binary combination bands. 

In the sodium chloride region the two highest frequency com- 
binations are »1-+v3 and v2+v3; v4 has less intense bands in com- 
bination with »; and v2. Although the v3+-; is always observed in 
molecules of this type, its frequency is practically identical with 
vitv,y. The value for vs, the inactive vibration, was determined 
from the combination band v2+y6¢. 

Iridium hexafluoride is apparently more reactive than the 
Group VI hexafluorides, for the gas attacks both silver chloride 
and KRS-5. The attack was apparently a tightly bonded surface 
“corrosion,” for soon after the initial attack the band produced at 
16.1 » with silver chloride and the band at 18.4 » with KRS-5 
neither increased nor decreased with changes in pressure within 
the cells. It was noted also, in preliminary experiments, that the 
gas dissolved slowly in Teflon and reacted to give some CF,. This 
necessitated the removal of inner Teflon gaskets from the cells. 

The observed frequencies and their assignments are presented 
in Table I. 


TABLE I. Infrared spectrum of IrFs. 








Observed 





band, cm= Intensity® Assignment 
1414 M vitvs 
1361 M vets 
972 W vi+v 
vats 
918 Ww ve+vs 
850 MW ve+ves 
785 VW 3 
718 VS v3 
465 VW vs+ve 
450 ~ VW v3—V5 
440 Vw v2—v6 
324 Ww 25 — 6 
276 vs v4 








® Symbols: M =medium, W =weak, MW =medium weak, VW =very 
weak, VS =very strong. 


The P-, Q-, R-branches of v4 were observed at 272, 276, and 281 
cm~!, respectively. 

The fundamentals for the fluorides of tungsten, rhenium, and 
iridium are listed in Table IT. 

An unsuccessful attempt was made to determine the Raman 
spectrum. Because of the yellow color and reactivity of IrF it will 
require more than normal effort. However, »; is still open to ques- 
tion since v3+v5 apparently coincides with 1+. 


TABLE II. Fundamental vibrations. 











Species WFe* ReFe> IrFs 
"1 Aig 769 753 696 
ve Eg 670 600 643 
"3 Fiu 712 716 718 
"4 Fiu 256 393 276 
v5 Fog 322 246 260 
v6 Fou 216 170 205 








® Burke, Smith, and Nielsen, J. Chem. Phys. 20, 447 (1952). 
b J. Gaunt, Trans. Faraday Soc. 50, 209 (1954). 


The data presented in Table II indicate that Gaunt’s value of 
v4 in ReFs may be too high. 

Because of the lack of knowledge of the electronic ground state 
and the internuclear distances in IrF¢, it was thought unwise to 
compute thermodynamic properties. 


* Operated by the General Electric Company for the U. S. Atomic 
Energy Commission. 

+ This instrument is owned by the General Electric Research Laboratory 
and is operated by Dr. R. S. McDonald who had borrowed the prism through 
the generosity of M. I. T. 

1G. Herzberg, Molecular Spectra and Molecular Structure. II. Infrared 
and Raman Specira of Polyatomic Molecules (D. Van Nostrand Company, 
Inc., New York, 1945), p. 122. 
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Use of Partially Oriented Solid Samples and 
Unpolarized Radiant Energy in the Analysis 
of Infrared Absorption Spectra 
JAMES E. STEWART 


National Bureau of Standards, Washington 25, D.C. 
(Received February 10, 1955) 


HE infrared spectrum of an unoriented solid sample, e.g., 
alkali halide pellet, is frequently different from a spectrum 
of an oriented sample, e.g.. film deposited on a window. 

The absorption coefficient (for a particular vibration with its 
transition dipole moment, #, making an angle, 0, with the plane 
of the incident energy wave front and with the projection of / on 
the wave front plane, making an angle, ¢, with a particular electric 
field vector) can be written: 


us 
a=Kf (p cosé cosd)*n; (6)dode, 
where 7; (6) is the distribution function expressing the density of 
transition moments in direction @, and the incident electric field 
vectors are assumed randomly distributed over all angles ¢. For 
perfect orientation relative to the plane of the wave front ;(6) 
=N;, ao'=K’'N;p* cos’. For completely random orientation 
a,;*= K'N;p?/2. Molecular vibrations of a given symmetry species 
have their transition moments in the same direction in the mole- 
cule, provided the species is such that the representation of the 
motions is +1 under C, for »>1, —1 under oa, or —1 under S,, 
and in general the direction varies from one species to another. 
But the direction of transition moments for the same vibration 
may vary from molecule to molecule in the lattice, and it is the 
lattice which is oriented. Hence, ap is determined from a sum of 
ao with a term for each set of equivalent molecules in the lattice, 
i.e., sets which can be generated by translation of a single molecule. 
N; is then interpreted as the number of equivalent molecules in 
the ith set per lattice unit and N=ZN;. The ratio ao/a, should be 
the same for absorption bands belonging to the same vibration 
symmetry species. 

In practice a, is influenced by scatter, the effect of particle size 
on absorption even in the absence of scatter,! and the formation of 
different isomeric, polymorphic, or chemical species.? However, a 
qualitative inspection of spectra is often informative. 

An example of the application of the proposed technique occurs 
in the vibrational assignment for p-dichlorobenzene. Free mole- 
cules are in point group Va, and the infrared active fundamentals 
are distributed in species: 50:,+362.+5b3.. Two bs, vibrations 
and one 53, vibration lie outside the rocksalt region. The rest are 
easily assigned by analogy with benzene, -difluorobenzene, etc. 
(see Table I), except for two close bands at about 820 K. One of 
these is o20(b2,), an out-of-plane hydrogen bending mode, and the 
other is o14(b1,), the carbon-chlorine antisymmetric stretching 
mode. In the monoclinic crystal lattice? of space group C2i° 
(factor group C2,), the site group is C; with two molecules per unit 
cell oriented in slightly different directions. Consequently the d1., 
be, 63x, and also the two infrared inactive a, modes of point 


TABLE I. Infrared spectrum of para-dichlorobenzene. 











Frequency Species, assignment, 

(K or cm!) description ao/ar 
3021 biu: o10 CH stretch —_ 
1475 oi: CC stretch 0.28 
1085 o12 CH in-plane bend 0.29 
1014 o13 ring deform, 0.34 

818 oi4 CCI stretch 0.33 

821 bou: o20 CH out-of-plane bend 1.2 
<400 not observed o21 ring bend — 

406 ? o22 CCl out-of-plane bend >1 
3096 bsu: o26 CH stretch = 
1393 o27 CC stretch 1.1 
1221 ow ring deform. 2.3 
1124 ow CH in-plane bend 1.5 


<400 not observed a30 CCl in-plane bend —_ 
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group V, are converted to infrared active species a, of point group 
C;. One of the additional vibrations lies beyond the rocksalt region 
and the other, a CH out-of-plane bending mode, is probably weak 
because it is rendered active only by crystal forces. 

Comparison of the spectrum of a partially oriented film of - 
dichlorobenzene prepared by crystallization from the liquid phase 
on a rocksalt window with a spectrum of an equivalent amount of 
the same sample crushed, finely ground with potassium iodide, and 
pressed into a clear disk shows that the shoulder at 821 K increases 
in intensity (ao/a,=1.2), whereas the band at 818 K decreases 
(ao/ay=0.33) in the oriented form. Furthermore, intensities of all 
of the bands assigned to 6;,, vibrations are seen to decrease in the 
oriented form. Therefore 818 K is assigned to o14(b1.). 

1J. E. Stewart, J. Research Natl. Bur. Standards 54, 41 (1955). 


2J. E. Tyler and S. A. Ehrhardt, Anal. Chem. 25, 390 (1953). 
3S. B. Hendricks, Z. Krist. 84, 85 (1932). 





Relative Intensities of Anthracene and Naphthacene 
Emissions under Cathode-Ray, Ultraviolet, 
and X-Ray Excitations 
B. D. SAKSENA, National Physical Laboratory of India, New Delhi, India 


AND 


L. M. PANT, Depariment of Physics, University of Allahabad, 
Allahabad, India 


(Received October 25, 1954) 


T is well known that ultraviolet light’? (of wavelength 
<3900 A), y radiation or a particles’ excite a very strong 
fluorescence of naphthacene dissolved at very low concentrations 
(10-* percent) in anthracene crystals. The phenomenon is due to 
an excitation migration (Férster*) in which the energy is first 
absorbed by anthracene molecules, and a certain proportion is 
then transferred to naphthacene molecules depending on their 
concentration. Since, according to Pringsheim,® the intensity of 
fluorescence and also the energy distribution of the fluorescent 
spectrum are both independent of the type of excitation, it may be 
expected that the relative intensities of anthracene and naphtha- 
cene emission for a given contaminated specimen would not 
depend upon the type of excitation but, experimentally, such is 
not the case. 

We have studied the luminescence of the same specimen of 
anthracene (a Merck chemical) under ultraviolet, cathode-ray, 
and x-ray excitations. Six bands are obtained. Their peak-wave- 
lengths and band widths are the same in all the cases but the 
relative intensities differ. (See Fig. 1 and Table I.) 

Since the fluorescent bands of naphthacene in solution occur 
between 4600-5800 A (4680, 4980, 5330, 5740), we may attribute 
the bands at 4976, 5342, and 5735 A observed by us to naphtha- 
cene and call them naphthacene bands. The main result from 
Table I is that naphthacene bands are much stronger than 
anthracene bands with x-ray and cathode-ray excitation than with 
ultraviolet. 

We have also investigated the fluorescence of a different sample 
of anthracene with 3650, 3131, and 2536 radiations from a Hanovia 
mercury arc using a quartz spectrograph as monochromator. The 
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Fic. 1. Luminescence of anthracene. (a) Ultraviolet excitation. 
(b) Cathodo excitation. 
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TABLE I.* 








Peak-wavelength (A) 5735 5342 4976 4645 4471 4236 
Band width (A) 5859-— 5466- 5085— 4705- 4574— 4303- 
5611 5220 4866 4587 4371 4170 

10 1 3 4 


Intensity under cathode 10 10 

rays 
X-rays 5 5 5 1 2 1 
Ultraviolet (3650 A) 1 3 4 1 3 4 








a (Intensity estimates are only visual and relative to the strongest band.) 


fluorescence was photographed by another quartz spectrograph. 
The microphotometer curves are shown in Fig. 2. It may be seen 
that anthracene band at 4236 A is slightly stronger than naph- 
thacene band at 4976 A for 3650 and 3131 A excitations, but 
the reverse happens with 2536 A excitation. (See Table IT.) 
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Fic. 2. Microphotometer 
curves for ultraviolet lumines- 
cence of anthracene with 3650, 1 
3131, 2536. 
3131 A° 
2 
2536 A° 
3 











The results stated in the above paragraph may be explained 
as follows. The different exciting radiations have different pene- 
trating powers depending on their wavelength and, therefore, the 
fluorescence produced has to traverse different thicknesses of the 
crystal before it is emitted. Due to the overlap of fluorescence 
and absorption bands in solid anthracene,® the fluorescent radia- 
tion would be partly absorbed by its passage through the crystal 
especially at its short wavelength end. Therefore, relative to the 
band at 4976 A the band at 4236 A would suffer greater diminu- 
tion of intensity on irradiation with 2536A than with 3650A 
because the former radiation penetrates deeper into the crystal. 

The results of x-ray and cathode-ray excitation are, however, 
not explained by this reasoning. Firstly, in these cases, the long 
wavelength region does not possess the same distribution of in- 
tensity as in the ultraviolet excitation, which it should if the short 
wavelength end alone is absorbed by overlap reabsorption effects. 
Secondly in cathode-ray excitation, the penetration of the electrons 
in the crystal’ is extremely small and, therefore, relative to the 
long wavelength end the 4236 A band should have a larger in- 
tensity in this case than in ultraviolet excitation. 

There may be other factors that affect the migration of excita- 
tion energy. It has been reported*-* that on irradiation with x-rays, 
the system containing terphenyl and diphenyl-hexatriene in 


TABLE II. Ratio of the density of the 4236 band and 4976 band 
in various excitations. 








Excitation wavelength 3650 3131 2536 A 
Density ratio 1.21 1.14 0.96 
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xylene solutions at 293°K shows only fluorescence characteristic 
of diphenyl-hexatriene which is of greater intensity than that 
from a system containing only hexatriene, but on irradiation 
with 2537 or 3131 radiations no such result is obtained—the 
spectrum being that to be expected if the two substances are 
absorbed or emitted independently of each other. 

Thanks are due to C.S.I.R. for a scholarship to one of us 
(L.M.P.). 


1P, Pringsheim, Fluorescence and Phosphorescence (Interscience Pub- 
lishers, Inc., New York, 1949), pp. 365, 407-8. 

2G. F. J. Garlick, Luminescent Materials (Oxford University Press, New 
York, 1949), pp. 234. 

3H. Kallmann and M. Furst, Phys. Rev. 79, 857 (1950) and Phys. Rev. 
81, 853 (1951). 

4 Th. Forster, Ann. physik. 2, 55 (1948); Z. Naturforsch. 4a, 321 (1949). 

5 P. Pringsheim, see reference 1, pp. 307 and 310 

6 E. J. Bowen and F. Wokes, Fluorescence of Solutions (Longmans Green 
and Company, New York, 1953), pp. 21. 

7H. W. Leverenz, Introduction to Luminescence of Solids (John Wiley 
and Sons, Inc., New York, 1950), pp. 157-59. 

8C. Reid and M. M. Moodie, J. Chem. Phys. 22, 1126 (1954). 





Tritium Isotope Effect in the Isomerization 
of Cyclopropane* 


RALPH E. WESTON, JR. 


Chemistry Department, Brookhaven National Laboratory, 
Upton, Long Island, New York 


(Received March 10, 1955) 


HE generally accepted mechanism for homogeneous uni- 
molecular gaseous reactions is some form of that originally 
proposed by Lindemann.! According to this, a reactant molecule 
obtains the necessary activation energy by collision with a second 
molecule (reactant or added inert gas). At sufficiently high pres- 
sure, the activated molecules have a Maxwell-Boltzmann energy 
distribution and the rate-determining step is the decomposition of 
an activated molecule. At very low pressure this energy distribu- 
tion is not maintained, and the slow step becomes the transfer of 
energy by collision. While many of the reactions once used as 
experimental support for this mechanism have since fallen into 
‘disrepute, recent work?? has given new proof of its validity. 

We have sought for a new type of evidence concerning this 
mechanism : the variation in the kinetic isotope effect as a function 
of pressure.‘ At high pressure the isotope effect will be that for the 
decomposition of an activated molecule. If this involves breaking 
a bond to an isotopically labeled atom, the effect for this step can 
be predicted by the usual methods.* For the activation and deacti- 
vation steps involving only collisional transfer of energy, the rates 
may be considered classical, to a first approximation, and hence 
without isotope effect. Therefore, the effect is expected to de- 
crease from the value for bond-breaking to zero as the pressure 
decreases. 

The reaction studied was the isomerization of tritium-labeled 
cyclopropane to propylene. All evidence points to this as a clean, 
unimolecular isomerization.*6 Cyclopropane-t was allowed to 
react in a 2-1 flask at ~500°C, and samples of the reaction 
mixture were removed at different times. For analysis of the mix- 
ture, propylene was absorbed in a solution of mercuric sulfate. The 
remaining cyclopropane was placed in a counting tube, and the 
specific activity (SA) was measured using standar! techniques. 
The original cyclopropane-t has a SA of ~0.5 mc/mole. The 
isotope effect is defined as e= 1— (k’/k) = —logS/log(1—f), where 
S=(SA),/(SA), and f is the fractional completion of the reaction.‘ 
The results are summarized in Table I. In addition, some pre- 
liminary experiments with a 100-ml reaction vessel and a slightly 
different analytical procedure gave e=0.125 at ~1 atmosphere. 

The complete disappearance of the isotope effect in the low 
pressure region indicates the validity of the Lindemann mecha- 
nism, and of the assumption about the rates of collisional energy 
transfer. The high pressure effect is interesting because of theo- 
retical calculations by Slater,’ in which the “critical coordinate” 
for this reaction is found to be a C—H rather than a C—C distance. 
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TABLE I. Tritium isotope effect in the isomerization of cyclopropane. 











No. of 
P, mm T, °C samples 1-—f Ss 100¢ 
0.40— 0.439- 
er } 4937 (‘sa 4 1.00440.010 0.4410 
45 470 1 0.502 1.063 8.9 
77 493 4 0.438 +0.011 1.067 +0.009 7.93111 
80 493 3 0.725 +0.006 1.031 +0.006 8.8+1.7 
700 470 1 0.797 1.039 17.0 
2 0.620 1.056 +0.014 11.3+4+3.0 
4 0.481 +0.009 1.097 +0.017 12.7+42.3 
Weighted mean at 700 mm 12.9+2.7 








Our results confirm this since the other choice of critical coordinate 
would not give a hydrogen isotope effect. If a correction is made 
for the five paths by which a labeled molecule can react by 
breaking a C—H rather than a C—T bond, kr/ky=0.28. While 
it is impossible to make an accurate a priori calculation of this 
ratio, a reasonable model of the transition state will fit the experi- 
mental value. 

Details of the cyclopropane-t synthesis, the experimental 
procedure, and the results will be published later. Similar experi- 
ments using cyclopropane-dg are contemplated; the larger isotope 
effect for the completely labeled molecule would be subject to less 
experimental error, and would provide a more rigorous test of 
Slater’s calculations. 

I am indebted to Dr. Jacob Bigeleisen for many helpful dis- 
cussions during the course of this work. 

* Research performed under the auspices of the U. S. Atomic Energy 
Commission. 


1For discussion, see L. S. Kassel, The Kinetics of Homogeneous Gas 
roel (The Chemical Catalog Company, Inc., New York, 1932), Chap. 


2R.L. Mills and H. S. Johnston, J. Am. Chem. Soc. 73, 938 (1951); H.S. 
Johnston and R. L. Perrine, 4782. 

3 Pritchard, Sowden, and Trotman-Dickenson, Proc. Roy. Soc. (London) 
A217, 563 (1953). 
. M R. B. Bernstein [J. Phys. Chem. 56, 893 (1952)] mentions this possi- 

ility. 

5 J. Bigeleisen, J. Chem. Phys. 17, 675 (1949). 

6 T. S. Chambers and G. B. Kistiakowsky, J. Am. Chem. Soc. 56, 399 
ai E. S. Corner and R. N. Pease, ibid. 67, 2067 (1945). 

. B. Slater, Proc. Roy. Soc. (London) A2i8, 224 (1953). 





Diffusion of Radioactive Calcium in Ca;Si,O, 


R. LINDNER AND ARTHUR S. OBERMAYER* 


Chalmers University of Technology, Gothenburg, Sweden, and Massachusetts 
Institute of Technology, Cambridge 39, Massachusetis 


(Received February 28, 1955) 


N connection with a program of investigations on the mecha- 
nism of solid-state reactions! the formation of silicates has 
been studied. During the reaction between lime and silica, several 
silicates are found in the reaction layer,? and the mobility of 
calcium ions in one of them, namely Ca;Si207, has been measured 
in the following way. 

The silicate was produced by the powder reaction between very 
pure calcium carbonate and pulverized quartz crystals. After 
reaction at 1000°C the mixture was compressed to pellets, which 
were heated for several days at about 1350°C. After repeated 
pulverizations, compressions, and heat treatments the initial in- 
stability of the pellets (produced by traces of ortho-silicate which 
undergo a transformation followed by an increase in volume) 
disappeared and from the x-ray powder pattern no evidence of the 
ortho-silicate could be found. 

The diffusion of Ca*® was measured by three different methods. 
At higher temperatures a single pellet with a thin radioactive 
layer was used. This layer had been produced by transfer of Ca® 
from a radioactive pellet in contact with an inactive one under 
influence of an electric field. During the experiment the activity 
measured at the surface decreased as a consequence of diffusion 














of the active material to the interior and self-absorption of the 
soft 8 radiation within the silicate. At lower temperatures the 
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diffusion coefficients were evaluated according to the amount of 
radioactivity exchanged between a homogeneous radioactive 
sintered pellet and an inactive one kept in firm contact with it at 
diffusion temperatures.’ The values obtained are shown in Fig. 1 
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where the logarithm of the diffusion coefficient is plotted against 
the inverse absolute temperature. At lower temperatures that 
function can be approximately described by the expression: 
D=10~ exp(—73 000/RT). At about 1260°C the diffusion coeffi- 
cient increases with about 2 orders of magnitude. (A considerable 
scattering of the values is observed, and they must be considered 
as preliminary.) No information is available about a possible 
transformation at that temperature. 

The ionic conductivity was determined by application of a 
dc field of about 1000 volts to a system of radioactive and inactive 
pellets. The transfer number was found to be a logarithmic 
function of temperature and varies between 10% at 830°C and 
10 at 1205°C. The specific electric conductivity changed by 
about one order of magnitude abruptly near 1280°C. 

The self-diffusion coefficients calculated from the data for 
ionic conductivity do not agree with the coefficients measured 
with radioactive tracers. The assumption that the Einstein rela- 
tion is not valid can, however, not be made before the details 
of the assumed transformation process have been investigated, 
as e.g. a freezing-in of high-temperature modifications could be 
possible. 

* Massachusetts Institute of wy A Overseas Summer Fellow, 1953 

'R, Lindner, J. Chem. Phys. 23, 410 (1955). 


Pad. Jander, and E. Hoffmann, Z. anorg. u. allgem. Chem. 128, 211 


3R, Lindner, J. Chem. Soc. 395 (1949). 





Cathodo-Luminescence Spectrum and Energy 
Levels in MgO 


B. D. SAKSENA AND L. M. PANT 
National Physical Laboratory of India, New Delhi, India 
(Received February 22, 1955) 


ECENTLY we reported! that the cathodo-luminescence 
spectrum, at room temperature, of a fresh specimen of MgO 
cleaved from a natural crystal shows a strong and broad band 
having peak at 2.75 ev and a weaker one having peak at 2.16 ev. 
As exposure continues, the former band gets weaker and the latter 
Stronger and there is also an extension of the former towards the 
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ultraviolet. These results may be explained qualitatively on the 
basis of an energy scheme for Mg-colored crystals. 

» | We assume that oxygen is liberated from oxides under cathode- 
ray bombardment? producing an oxygen deficit or a stoichio- 
metric excess of metal. This assumption is also supported by the 
fact that the absorption bands produced by electron‘ and 
neutron® bombardment and ultraviolet irradiation® are the same 
as those observed for Mg-colored crystals.” 

There is reason to believe that the gap between the top of the 
uppermost filled band of the crystal and the bottom of the con- 
duction band may be 5.9 ev.” Although Johnson" thinks that 
this width is greater than 7.3 ev, his conclusions need reconsider- 
ation because MgO is found to be transparent from 9 
to 0.22y.72.13 Other absorption bands beyond 0.224 may be the 
fundamental band® (peak at 1850 A) and a band due to the first 
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Fic. 1. Schematic representation of energy levels in Mg-colored MgO. 
A is the conduction band, and E the filled band while B, C, D are bands due 
to excess Mg impurity centers. The widths of these bands are indicated in 
small brackets. The dotted region between A and B indicates that the B 
levels when fully developed will overlap the conduction band A. 


excited state of the crystal (tail at 7 ev and peak at 12 ev from 
the valence band®-"*), 

Following the work of Day® and Weber’ we postulate, with 
reference to the valence band, three energy levels at 4.9, 3.6, and 
2.2 ev in the forbidden zone (Fig. 1) and consider that the 2.2- 
and 4.9-ev levels are occupied and the 3.6-ev levels empty and 
that there is a large preponderance of the latter over the former. 

In cathode-ray excitation the electrons are raised to the conduc- 
tion band creating holes in the valence band and luminescence 
occurs when an electron combines with a hole. Since even a pure 
specimen has a small concentration of 2.2-ev levels (Day®), we 
expect two bands close to 2.2 and 3.7 ev in the emission spectrum 
of a pure specimen. If the 4.9-ev occupied level is also present, 
as may happen at small concentration of excess Mg, we will have 
an additional band close to 2.7 ev. The 3.7-ev band appears very 
weakly in our spectrograms but it appears strongly in the emission 
spectra of pure normal crystals obtained by Eisenstein.'® 

The relative intensities of these bands will depend greatly on the 
concentration of excess Mg for the following reasons: (1) The 
4.9-ev levels screen the conduction band from the 2.2-ev levels 
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and therefore produce a diminution in the intensity of the 3.7-ev 
band relative to the 2.7-ev band. When fully developed, this 
(4.9-ev) band (semi-width 1.1 ev’) would merge into the conduc- 
tion band and electronic transitions between the two bands would 
be possible even thermally producing a considerable weakening 
of the 3.7-ev band and an extension of the 2.7-ev band into the 
ultraviolet. This may account for the very small intensity of the 
3.7-ev band in our spectrograms. (2) The numerous unoccupied 
3.6-ev levels in Mg-colored specimens capture electrons from 
the occupied 4.9-ev levels which are therefore unable to produce 
luminescence by combining with holes in the 2.2-ev levels. This 
greatly reduces the intensity of the 2.7-ev band while the 2.2-ev 
band increases in intensity due to an increase in the concentration 
of excess Mg. The intensity variations observed in these bands 
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with continued cathode-ray excitation are possibly due to this 
cause. 
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